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PREFACE 

Volume 17 of Annual Reports consists of state of the art accounts of five 
rather distinct areas of NMR spectroscopy. 

The review on Theoretical Aspects of Isotope Effects on Nuclear Shielding 
by Prof. C. J. Jameson and Dr. J. Osten, is a welcome complement to the 
account by Dr. P. E. Hansen in Volume 15 of this series. It is a pleasure 
to include the account on Relaxation Processes in Synthetic Polymers by 
Dr. F. Heatley which is the first time that this particular area of NMR has 
been visited in the present series. 

The other three reports cover fields of NMR which have been treated 
inter alia in earlier volumes. The continuing burgeoning of the literature in 
these areas has resulted in complete chapters being required to provide 
adequate current coverage. Prof. J. D. Satterlee deals with the NMR of 
Paramagnetic Haem Proteins, Dr. T. Drakenberg covers the NMR of Less 
Common Quadrupolar Nuclei which was last treated in Volume 9 and 
Prof. P. Pregosin reviews Platinum NMR. 

I am very grateful to all of the contributors for their diligence and kind 
cooperation in the production of this volume. 

University of Surrey 
Guildford, Surrey, 
England 

G. A. WEBB 
November 1985 

(vii) 



This Page Intentionally Left Blank



C O N T E N T S  

LIST OF CONTRIBUTORS . . . . . . . . . . . . V 

PREFACE . . . . . . . . . . . . . . .  vii 

Theoretical Aspects of Isotope Effects on Nuclear Shielding 

C Y N T H I A  J. J A M E S O N  A N D  H. J O R G  OSTEN 

I. Introduction . . . . . . . . . . . . . . 
11. Rovibrational effects on nuclear shielding . . . . . . . 

A. Basic principles . . . . . . . . . . . .  

111. Isotope shifts in diatomic molecules . . . . . . . . 
B. Effect of vibration and rotation on the internuclear distance . .  

A. Calculation of isotope shifts in diatomic molecules 
B. The dynamic factor in isotope shifts . . . . . . . . 
C. The electronic factor in isotope shifts: the change in shielding with bond 

extension . . . . . . . . . . . . . . 
IV. One-bond isotope shifts in polyatomic molecules . . . . . . 

A. Ab initio calculations: the water molecule . . . . . . . 
B. Calculation of mean bond displacements and mean bond angle deforma- 

C. The reduced isotope shift in polyatomic molecules . . . . . 

E. Contributions from bond angle changes and higher order derivatives of the 
shielding surface . . . . . . . . . . . . 

F. Estimation of one-bond isotope shifts for end atom substitution . . 
G. Factors affecting ( d a / d A r ) ,  . . . . . . . . . . 

V. Isotope effects over more than one bond . . . . . . . . 
VI. Temperature and solvent effects on isotope shifts . . . . . . 

VII. Conclusions . . . . . . . . . . . . . . 
Acknowledgment . . . . . . . . . . . . . 
References . . . . . . . . . . . . . . 

. . . .  

tions 

D. The additivity of NMR isotope shifts . . . . . . . 

NMR Spectroscopy of Paramagnetic Haem Proteins 

J A M E S  D. S A T T E R L E E  

I. Introduction . . . . . . . . . . . . . . 
A. General remarks . . . . . . . . . . . .  
B. Haem structures . . . . . . . . . . . .  
C Paramagnetic shifts . . . . . . . . . . . . 

E. Proton spectra . . . . . . . . . . . . . 
D. Paramagnetic effects on relaxation . . . . . . . . 

(ix) 

1 
5 
6 
8 

13 
13 
21 

24 
30 
30 

37 
44 
48 

52 
56 
63 
68 
72 
73 
75 
15 

79 
19 
80 
86 
90 
92 



X CONTENTS 

11. Assignment methods 
A. General . 

. . . . . . . .  

. . . . . . . .  
B. Resonance assignments using deuterium labelled protohaem IX 
C. Multiple irradiation techniques . . . . . . . . .  

E. Assignments by decoupling . . . . . . . . . .  
F. Assignments of amino acids not directly bonded to haem iron . . 
G. Assignments from calculations based on the hyperfine shift equations 
H. Assignments of isotope exchangeable resonances using relaxation methods 
I. Assignments by comparison with other proteins: less specific assignments 

A. Analytical . . . . . . . . . . . . . .  
B. High pressure studies . . . . . . . . . . .  
C. Haem electronic structure . . . . . . . . . .  

IV. Other nuclei . . . . . . . . . . . . . .  
A. Carbon-13 . . . . . . . . . . . . .  
B. Nitrogen-15 . . . . . . . . . . . . .  
Acknowledgments . . . . . . . . . . . . .  
References . . . . . . . . . . . . . .  

D. Assignments by comparison with model systems . . . . .  

111. Selected problems of biological relevance . . . . . . .  

93 
93 
94 

111 
126 
136 
137 
141 
144 
150 
155 
156 
158 
161 
166 
166 
170 
172 
172 

Nuclear Magnetic Relaxation and Models for Backbone 
Motions of Macromolecules in Solution 

F. HEATLEY 

I. Introduction . . . . . . . . .  
11. Experimental methods . . . . . . .  

111. Theory . . . . . . . . . .  
A. Basic NMR theory . . . . . . .  
B. Relaxation in multi-spin systems . . . .  
C. Cross-correlation effects . . . . .  

A. Models for flexible chains . . . . .  
B. Applications of models for flexible macromolecules 
C. Comparison of models . . . . . .  
D. Models for stiff macromolecules . . . .  
E. Applications to stiff molecules . . . .  

V. Conclusions . . . . . . . . .  
References . . . . . . . . .  

IV. Correlation functions for polymer motions . .  

. . . . .  179 

. . . . .  180 

. . . . .  182 

. . . . .  182 

. . . . .  185 

. . . . .  187 

. . . . .  187 

. . . . .  188 
. . . .  200 

. . . . .  212 

. . . . .  214 

. . . . .  222 

. . . . .  221 

. . . . .  227 

Nuclear Magnetic Resonance of Less Common Quadrupolar 
Nuclei 

T O R B J O R N  D R A K E N B E R G  

1. Introduction . . . . . . . . . . . . . .  23 1 
11. Alkali metals (except Li and Na) . . . . . . . . .  233 

A. Potassium-39 . . . . . . . . . . . . .  233 



CONTENTS xi 

B. Rubidium47 . . . . . . . . . . . . .  238 
C. Caesium-133 . . . . . . . . . . . . .  239 

111. Alkaline earth nuclei . . . . . . . . . . . .  243 
A. Solvation studies . . . . . . . . . . . .  245 
B. Complex formation . . . . . . . . . . .  246 
C. Biochemical applications . . . . . . . . . .  241 

IV. Main groups 111 and IV . . . . . . . . . . .  250 
A. Gallium-69, gallium-71 and indium-115 . . . . . . .  250 
B. Germanium-73 . . . . . . . . . . . .  254 

V. Main groups V and VI . . . . . . . . . . .  254 
A. Arsenic-75, antimony-121, antimony-123 and bismuth-209 . . .  254 
B. Sulphur-33 . . . . . . . . . . . . .  255 

VI. Transition elements . . . . . . . . . . . .  257 
A. Group IIIB . . . . . . . . . . . . .  251 
B. Group IVB . . . . . . . . . . . . .  260 
C. GroupVB . . . . . . . . . . . . .  263 
D. Group VIB . . . . . . . . . . . . .  267 
E. GrOUpVIIB . . . . . . . . . . . . .  27 1 
F. GroupVIIIB . . . . . . . . . . . . .  272 
G. Groups IB and IIB . . . . . . . . . . . .  274 

VII. Conclusions . . . . . . . . . . . . . .  278 
Acknowledgment . . . . . . . . . . . . .  278 
References . . . . . . . . . . . . . .  278 

Platinum NMR Spectroscopy 

P. S. P R E G O S I N  

I. Introduction . . . . . . . . . . . . . .  285 
11. Methodology . . . . . . . . . . . . .  285 

111. Referencing . . . . . . . . . . . . . .  289 
IV. Chemical shifts . . . . . . . . . . . . .  290 
V. Couplings . . . . . . . . . . . . . .  293 

VI. Applications . . . . . . . . . . . . . .  291 
A. 'J(R-N) and the trans influence . . . . . . . . .  298 
B. Pt-Pt couplings in higher molecular weight complexes . . . .  301 

VII. Tables . . . . . . . . . . . . . . .  305 
References . . . . . . . . . . . . . .  344 

INDEX . . . . . . . . . . . . . . . .  351 



This Page Intentionally Left Blank



Theoretical Aspects of Isotope Effects 
on Nuclear Shielding 

C Y N T H I A  J .  JAMESON 
Department of Chemistry, University of Illinois at Chicago, Chicago, Illinois, USA 

H. JORG OSTEN 
Academy of Sciences of the GDR, Central Institute of Physical Chemistry, Berlin, 

German Democratic Republic 

I. Introduction . . . . . . . . . . . . . .  
11. Rovibrational effects on nuclear shielding . . . . . . .  

A. Basic principles . . . . . . . . . . . .  
B. Effect of vibration and rotation on the internuclear distance . .  

111. Isotope shifts in diatomic molecules . . . . . . . .  
A. Calculation of isotope shifts in diatomic molecules . . . .  
B. The dynamic factor in isotope shifts . . . . . . . .  
C. The electronic factor in isotope shifts: the change in shielding with bond 

extension . . . . . . . . . . . . . .  
. . . . . .  

A. Ab initio calculations: the water molecule . . . . . . .  
B. Calculation of mean bond displacements and mean bond angle deforma- 

tions . . . . . . . . . . . . . . .  
C. The reduced isotope shift in polyatomic molecules . . . . .  

E. Contributions from bond angle changes and higher order derivatives of the 
shielding surface . . . . . . . . . . . .  

F. Estimation of one-bond isotope shifts for end atom substitution . . 
G. Factors affecting ( d u / a A r ) ,  . . . . . . . . . .  

. . . . . . . .  
. . . . . .  

VII. Conclusions . . . . . . . . . . . . . .  
Acknowledgment . . . . . . . . . . . . .  
References . . . . . . . . . . . . . .  

IV. One-bond isotope shifts in polyatomic molecules 

D. The additivity of NMR isotope shifts . . . . . . .  

V. Isotope effects over more than one bond 
VI. Temperature and solvent effects on isotope shifts 

1 
5 
6 
8 

13 
13 
21 

24 
30 
30 

37 
44 
48 

52 
56 
63 
68 
72 
73 
75 
75 

I. INTRODUCTION 

Isotope shifts have long been observed in high resolution NMR in the gas 
phase, in liquids and in solutions. There are large shifts associated with the 
mass dependence of rate constants for chemical reactions or changes in 
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2 CYNTHIA J. JAMESON AND H. JORG OSTEN 

conformational structure. We do not consider these equilibrium or kinetic 
isotope effects, only intrinsic isotope effects. The review by Batiz-Hernandez 
and Bernheim' and the more recent one by HansenZa in this series include 
most of the published data up to 1982. There is also a recent discussion of 

C isotope shifts by Forsyth.2b Here we review the theory underlying the 
interpretation of isotope shifts in NMR. The interpretation of isotope shifts 
involves a consideration of the vibrational and rotational averaging of 
nuclear shielding. For this reason the isotope shift is intimately related to 
the observed temperature dependence of nuclear shielding in the gas phase 
in the zero-pressure limit. These two measurable properties share the same 
electronic factors - the change in shielding with bond extension or bond 
angle deformation. 

We follow the notation introduced by Gombler3 for the isotope shift 
observed for nucleus A upon substitution of the neighbouring "X isotope 
in the molecule with the heavier "'X isotope: 

13 

where vA(A "'X . 9 .) is the resonance frequency of the A nucleus in the 
molecule having the heavier "'X isotope which is n bonds away from the 
observed nucleus. The molecules (A "'X . * .) and (A "X . * .) are 
isotopomers. The isotope shift can also be written in terms of the nuclear 
shielding difference: 

-1 (1b) ~ A A ( ~ ' / " x )  = &(A "x . . .) - &(A "'x . . 
=u-u* 

where the asterisk applies to the heavy isotopomer. Just as for spin-spin 
couplings, this notation becomes ambiguous when A and X are atoms in 
cyclic compounds in which there are at least two paths connecting the 
observed nucleus and substituted atom. In this case the observed quantity 
is an isotope shift corresponding to two or more bond paths. 

There are several general observations which have been made about 
magnitudes and signs of isotope shifts:' 

(i) Upon substitution with a heavier isotope the NMR signal of the 
nearby nucleus usually shifts towards lower frequencies (higher shielding). 
Thus, as defined in equation (11, isotope shifts are generally negative in sign. 

(ii) The magnitude of the isotope shift is dependent on how remote the 
isotopic substitution is from the observed nucleus. Although there are 
exceptions, one-bond isotope shifts are larger than two-bond or three-bond 
isotope shifts. 

(iii) The magnitude of the shift is a function of the observed nucleus 
and reflects its chemical shift range. 



ISOTOPE EFFECTS ON NUCLEAR SHIELDING 3 

(iv) The magnitude of the shift is related to the fractional change in mass 
upon isotopic substitution. 

(v) The magnitude of the shift is approximately proportional to the 
number of equivalent atoms which have been substituted by isotopes. In 
other words, isotope shifts exhibit additivity. 

I 
0 -7.03 -14.04 

77Se Chemical Shift, ppm 

15N Chemical Shift, ppm 

FIG. 1.  "Se FT NMR spectrum of a mixture of H,Se, HDSe and D,Se, and "N spectra 
of 18'160 derivatives of NOz- and NO,-. From references 4 and 5, respectively, with permission. 

Examples of isotope shifts in Fig. 1 illustrate these trends. The 77Se shifts 
on D substitution in H2Se are proportionately large (-7.02 ppm per D) 
compared to 170 shifts on D substitution in H 2 0  (-1.54ppm per D), 
reflecting the large chemical shift range of 77Se compared to 170. 15N shifts 
in NH, on D substitution (-0.65 ppm per D) are large compared to that 
for 15N on "0 substitution in NO2- (-0.138ppm) showing the more 
favourable fractional mass changes in D substitution compared to 0 substi- 
tution. Figure 1 also clearly shows the additivity of isotope shifts; the isotope 
shift is proportional to the number of substituted atoms, giving rise to 
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spectra exhibiting equal spacing of characteristic peaks for each isotopomer. 
We shall discuss the theory underlying these general observations. 

There are some less general trends which have been observed, correlating 
isotope shift with molecular structure. 

(a) One-bond isotope shifts tend to increase with increasing bond order6-* 
and decreasing bond length3 between the observed nucleus and the sub- 
stituted atom. 

(b) The magnitudes of isotope shifts in similar bonds increase with the 
magnitude of the spin-spin coupling between the observed nucleus and the 
substituted atom?-" 

(c) The magnitudes of one-bond isotope shifts correlate with the chemical 
shift of the observed nucleus, i.e. the less shielded nuclei have larger isotope 

13C Chemical Shift. ppm 
( - u, Nuclear Shielding ) 

-0.1 

Bond Order 

FIG. 2. Correlations between one-bond isotope shifts and various indices of the chemical 
bond: bond order, bond length, spin-spin coupling, nuclear shielding. From references 12, 
10, 3 and 6, with permission. 
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(d) There is a lone pair effect on the isotope shifts. A nucleus with a u 
lone pair tends to have a larger isotope shift in comparison with a related 
bond in which there is no lone pair on the observed nucleus; for example, 
the isotope shift for I5N in NH3 (-0.65 ppm per D) with one lone pair may 
be compared to that in NH,+ (-0.307 ppm per D) with zero lone pairs, or 

N in NOz- can be compared with I5N in NO3- (see Fig. l).I4 
(e) The isotope shift tends to be larger when electronegative substituents 

are introduced at the nuclear site.8 
Trends (a)-(c) are demonstrated in Fig. 2. These trends are interesting 

and require interpretation with a suitable theory. It is important to know 
which aspects of isotope shifts are due to dynamical factors (to rovibrational 
averaging) and which aspects can be attributed to electronic factors (changes 
in nuclear shielding with bond extension or bond angle deformation). If 
the theory can sort out the former, isotope shifts can be used to extract the 
latter, thus providing chemically interesting information which would make 
the isotope shift an easily measurable index of the chemical bond. 

15 

11. ROVIBRATIONAL EFFECTS ON NUCLEAR SHIELDING 

The effects of intramolecular dynamics (vibration and rotation) on nuclear 
shielding were theoretically predicted by Ramsey” and have been observed 
in two ways. First, there is an observable temperature dependence of the 
resonance frequency even for the “isolated” molecule (apart from the 
temperature dependence due to intermolecular interactions).16 Second, there 
is an observable shift upon isotopic substitution of neighbouring nuclei. 
Both are effects of differences in averaging over nuclear configuration as 
the molecule undergoes vibration and rotation. The temperature dependence 
of nuclear shielding is observed in the dilute gas phase, where the average 
shielding can be written as a virial expansion in the gas density p, 

u(T, p )  = uo(T) + a1(T)p + a2(T)p2+ * . . (2) 

The intermolecular effects are contained in the density dependent terms. 
The nuclear shielding in an “isolated” molecule, u,(T), is actually 

observed as the nuclear shielding in the limit of pressure approaching zero. 
Yet, the pressure must be high enough so that collisional interactions cause 
a given molecule to pass through a representative number of thermally 
accessible vibrational and rotational states in a time that is short compared 
to the reciprocal of the NMR frequency difference between nuclei in different 
rovibrational states. Thus, mathematically speaking, one does not extrapo- 
late the results to a true zero pressure, but to a pressure so low that collisional 
deformation of the molecule no longer contributes to a ,  while there are still 
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enough collisions to provide the required rate of transition between vibra- 
tional and rotational states. 

The observed isotropic nuclear shielding of a nucleus in an isolated 
molecule, c+,(T), is a statistical average of the nuclear magnetic shielding 
tensor over all possible orientations of the molecule in the magnetic field. 
It is also an average over all possible rovibrational states of the molecule 
weighted according to the fraction of molecules occupying that state at that 
temperature. Thus, the value of the shielding of a nucleus in a gas sample 
extrapolated to zero density at a given temperature is a weighted average 
of the values characteristic of each occupied state. 

The average shielding for a given rovibrational state is different for each 
of several isotopically related species because the masses enter into the 
solution of the vibrational-rotational hamiltonian. Thus, the thermal average 
shielding m,,(T) is different for the isotopomers. These differences are 
measured as isotope shifts. It has been found that mass effects on inter- 
molecular interactions (except in hydrogen-bonding or complex-formation) 
are not significant, i.e. the mass dependence of cr,(T) in equation (2) is 
small." Therefore, even isotope shifts measured in condensed phase can 
sometimes be interpreted as the differences between ao(T) values of the 
isotopically related species. 

A. Basic principles 

The Born-Oppenheimer approximation allows us to consider the nuclear 
motion in rotation and vibration separately from the electronic motion. 
Within the Born-Oppenheimer approximation, we can consider a shielding 
surface which gives the values of nuclear shielding at rigidly fixed nuclear 
configurations. The interpretation of the experimentally observed nuclear 
magnetic shielding then involves the two surfaces, the potential energy 
surface and the nuclear shielding surface, with simultaneous averaging on 
both surfaces. Figure 3 shows the proton shielding surface" and the potential 
energy surface of the H2+ m~lecule . '~  The shielding surface gives the 'H 
nuclear shielding calculated with the relativistic theory for fixed nuclear 
configurations. For a given rovibrational state, there will be a characteristic 
average shielding which can be evaluated from the vibrational and rotational 
wavefunctions and the nuclear shielding function such as the one shown 
in the figure. The vibrational levels of the HD+ and D2+ isotopomers (which 
have lower vibrational frequencies than H2+) sit lower in the potential well 
and thus will give different average values of proton shielding. In this case 
the shielding surface is known for a wide range of nuclear configurations. 
For most systems, however, there is very limited information, the shielding 
surface being calculated for just a few points in the vicinity of re. For 
semirigid molecules that we often observe in NMR (excluding molecules 
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V \ l  I I I I I I 

v =  0 

9.875 
PPm 

re 
I I I I I I I I  
1 2 3 4 5 6 7 8  

r 

FIG. 3. The ‘H shielding surface and the potential energy surface for ‘H,+. From references 
18 and 19, with permission. 

which are fluxional or which undergo low frequency torsion), the motions 
involved in the averaging take place in a small pocket of the potential energy 
surface close to the equilibrium configuration. Therefore this corresponds 
to averaging over small displacements on the shielding surface. Then it 
makes physical sense to expand the nuclear shielding in terms of the normal 
coordinates Q, (a concept of significance only for small displacements): 

where the shielding derivatives are taken at the equilibrium configuration. 
The application of this equation to a general molecular electronic property 
(not just nuclear shielding) for a general molecular type (an asymmetric 
rotor) as well as for specific types (spherical tops and symmetric tops) has 
been formulated.20-22 Normal coordinates are a logical choice for this 
expansion since methods of evaluating the average values ( Qs), ( 0 ,  Qs) are 
well known in vibrational spectroscopy. However, the derivatives of the 
nuclear shielding with respect to the normal coordinates are not invariant 
under isotopic substitution. For the purpose of discussing the isotope shift 
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it is more convenient to expand the shielding in terms of internal displace- 
ment coordinates: 

where IIi stands for the bond displacements (ATi) and the bond angle 
deformations (haij) .  

The theoretical interpretation of isotope shifts in NMR therefore involves 
the mass-independent electronic quantities such as 

(du/aR), = ( d a / d A r ) , ,  ( d ( + / d A a ) , ,  . . . 
which describe the change in nuclear shielding with bond extension or angle 
deformation, and the mass-dependent thermal averages (IIi)T which are 
(Ar)T,  ( A Q ) ~ ,  . . . and (IIi Aj)' which are ( ( A r ) 2 ) T ,  ( ( A a ) 2 ) T ,  ( A r  . . . The 
isotope shift is given by 

B. Effect of vibration and rotation on the internuclear distance 

1. The vibrational average bond extension 

In order to be able to evaluate (Xi 51j)T, . . . etc. we need a potential 
surface in which the vibrational motion of the molecule takes place. The 
known derivatives of this surface are the quadratic, cubic, etc. force con- 
stants. Normal coordinate analysis with the quadratic force constants gives 
the solutions to the harmonic problem whch are the harmonic frequencies 
(a), the normal coordinates (Q), and the L matrix.23 The internal displace- 
ment coordinates IIi = Ari ,  haij, etc. can be expressed in terms of these 
normal coordinates as follows: 

H = L Q  (6) 

where L is a tensor which contains the transformation coefficients between 
the curvilinear internal coordinates and various powers of Q. The vibrational 
part of Ari is then 

(7) 
1 1 

A r i = C  Lir Qr+-C LirsQr Q,+- C Lirst Qr QS Qt+-  . . 

Thus the vibrational average (Ar), ib can be expressed in terms of (Or), 
r 2 r,s 6 r,s.t 
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(Q, Q,), etc. The analytical expressions for elements of the L tensor are 
given by Hoy et aL,24 in which the linear terms L,‘ are identical to the 
elements Li, of the L matrix. Equation (7) is exact, but in practice of course 
the series must be truncated; in general it converges well, each term being 
smaller than the preceding by a factor of about 10 for typical vibrational 
 amplitude^.^^ 

If the calculation is confined to the terms of the second order in equation 
(7), it is necessary to use the wavefunctions of the first order for obtaining 
the expectation values of Q,, whereas it is sufficient to use zero-order 
wavefunctions for those of Q, Qs.26 The quantum mechanical hamiltonian 
for a vibrating rotor has been derived by Wilson and Howard27 and 
developed by Nielsen and other~.’’,~~ There are several equivalent 
approaches in calculating the desired expectation values from the hamil- 
tonian. Perturbation theory methods and the contact transformation method 
lead to identical results. The expectation values of only totally symmetric 
coordinates QS are required: 

where w,  are the normal frequencies and k,,, are the cubic force constants, 
both in wavenumbers. g, denotes the degeneracy of the r-th vibration. 
(Qr Q s > = O  if w,# w s  and 

These two expressions, equations (8) and (9), represent the expectation 
values for ( Q )  and (Q’) for one given vibrational level us. In an NMR 
experiment we observe only the average values over all vibrational states 
for a given temperature: 

If we assume harmonic energy levels in evaluating the thermal average in 
equation (lo),  the infinite sums are calculable in closed form:3u 

(us+ g,/2)= = (gJ2) coth( hcwS/2kT)  (11) 

A second approach is that of Bartell.3’ The quantum mechanical law of 
motion applied to a wave packet is given, in Cartesian coordinates, by 

In our molecular applications the system will be in stationary states or an 
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equilibrium distribution among stationary states. Since the space average 
displacement ( x )  is independent of time in such a system, it follows that 
the space average force is zero, or 

(a v / d x )  = 0 (13) 

Equation (12) is the molecular quantum mechanical analogue to the Ehren- 
fest the~rern.~’ We use the Cartesian displacement coordinates, rather than 
internal coordinates, because the latter do not necessarily form a complete 
set of coordinates. For the same reason it is not always possible to use the 
set of symmetry coordinates. We adopt local molecular Cartesian frames 
such that the zi-axis lies along the direction of the A-Xi bond at its 
equilibrium position and the x-axis is on the plane Xi-A-Xj and perpen- 
dicular to zi. Now we can express the internal displacement coordinates in 
terms of the Cartesian displacement coordinates: 

A ri = Azi  +  A AX^)^ + ( Ayi)’]/ 2 ri + . * * (14a) 
AX. AX. AX. Az. AX. Az. Aa..  =_+_---a+. . . 

” r, rj ri2 rj2 

Using equation (14) we are able to calculate the derivatives of the internal 
coordinates with respect to Azk, for example: 

(dAri/dAzk) = 6 i k +  ’ ’ ’ (1 5 4  

Aakj Aaik 
2rk 2 rk 

(aAa, /aaz , )  = --6. ik = -- 6 j k  

where 6, is the Kronecker delta. 
We obtain from a potential function in internal coordinates, by applying 

equation (13), a set of coupled equations which connect the desired mean 
bond displacements (Ari) and mean bond angle deformations (haij) with 
the mean square amplitudes ( M S A )  of the internal coordinates in a linear 
way, whereas the coefficients are functions of the quadratic and cubic force 
constants and geometry  parameter^.^^'^^-^^"^ These MSA’s (which include 
non-vanishing cross products) are related to the mean square normal coor- 
dinates (0’) in the usual 

(Hi Bj) = L ( Q2) L“ 

(Ar)  = ( A z )  + [((Ax)’) + ((Ay)’)]/2re + * . * 

(16) 

Equation (7) can be written as25337 

(17) 

in the same local Cartesian coordinate system as equation (14a). (Az)  can 
be identified with C Li‘( or), which represents the part of the average 
displacement that is along the equilibrium bond axis. Unlike a diatomic 
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molecule, nuclear motions perpendicular to this z-axis occur in a polyatomic 
molecule, so we need to add [ ( A ~ ) ’ + ( A y ) ~ ] / 2 r ,  which can be identified 
with d C, Liss( Q:). Thus we see in equation (7) that the first term, the average 
displacement parallel to the equilibrium bond axis, arises from the average 
displacement in the totally symmetric coordinate due to cubic anharmonic- 
ity; the next term, containing the mean square perpendicular amplitudes, 
involves only the harmonic potential constants and arises from the non- 
linear nature of the transformation from interatomic distances to normal 
coordinates. 

Fowler3’ has shown that Bartell’s approach is mathematically equivalent 
to the perturbation approach. However, Bartell’s method has the advantage 
of being useful in a convenient form when the cubic force constants are 
not available. As originally proposed by Bartell, it has been used with a 
Urey-Bradley quadratic force field augmented with the cubic terms arising 
from a Morse anharmonicity for the stretching terms and a suitable model 
for the non-bonded interactions. 

2. Efects due to molecular rotation: centrifugal stretching 

As a molecule rotates, the atoms tend to move away from the centre of 
mass. This centrifugal distortion depends only upon the harmonic potential 
constants to the second-order approximation:26 

where I,>=) are principal moments of inertia along the a axis in the 
equilibrium configuration, u,(aOL) are coefficients of the normal coordinate 
expansion of I,,, P, is the component of the total angular momentum along 
the a axis, and p ,  stands for the vibrational angular momentum. The 
asterisks denote the angular momentum associated with the degenerate 
vibrations, and R stands for the overall rotation. The complete expression 
for (Q,) is then obtained by adding the rotational contribution given by 
equation (18) to the vibrational contribution given in equation (8). Explicit 
expressions for as(aa) have been derived for specific molecular types,28 and 
equation (18) can be written in terms of the rotational quantum numbers 
for specific molecular types.26 Averaging over these rotational levels in a 
similar manner to equation (10) can thus be carried out to give (Q)Trot, 
taking into account the appropriate nuclear spin statistical weights. Except 
for the H2 molecule, in which the rotational levels are widely spaced and 
nuclear spin statistics play an important role in the averaging, the thermal 
average centrifugal stretching can be calculated classically. The assumption 
that the spacing of rotational levels is sufficiently small compared with kT 
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(which is easily satisfied except for the case of extremely low temperatures) 
allows us to use the law of equipartition of energy for calculating the average 
value of the angular momentum. If the rotational energy is written in the form 

K x = C  (pa -~a*)~/21au(~)  (19) 
01 

we obtain 

Toyama et aL26 have shown that equation (18) can be written alternatively 
in terms of the usual matrices which arise in a harmonic vibrational analysis, 
so that equation (21) can be written also as 

(Ar)Trot = kTfiF,-'G,-'UBnX (22) 
where n denotes a diagonal matrix with the elements 

1 1 
aii(a,) = =o+o 

I,, I,, 

and X is a vector which has the Cartesian coordinates of the atoms at the 
equilibrium configuration as its elements. Fs-' and Gs-' are the inverse of 
the usual F and G matrices in symmetry coordinates. U is the transformation 
matrix from internal into symmetry coordinates and B is the transformation 
from Cartesian displacements into internal  coordinate^.^^ Simple formulae 
of the thermal averaged centrifugal distortion for some molecular types 
have been derived.26*28 For linear triatomics, for example, we obtain:34 

and (23) 

1 alaU L33 a3au 
(A r3)Trot = kT [ 2C-+-ZC-- 

87r2c2 w1 I,, w3 Iaa 

where w ,  and w3 are the two stretching vibrational frequencies, Lij are 
elements of the L matrix, and the coefficients of the normal coordinates in 
the moment of inertia, asaa, can be expressed entirely in terms of measured 
spectroscopic constants:28 

alXx = alYy = 2 ( 2 ~ , / o , ) t 5 ~ ~ ~ ,  

= a 3 y y  = 2(2~,/w,)t5,,~, 

alzz = 0 

aja = o (24) 

where Be is the rotational constant. The Coriolis constants for the sym- 
metrical case are 523'= 1 and bzlx=O. 
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For highly symmetrical molecules the rotational effect on the mean bond 
length can be expressed in even simpler form, for example:26739 
For a CO, type molecule 

For a CH, type 

For a BF, type (planar AX,) 

For a SF, type 

where F,, and FI2 are mass-independent quadratic force constants. 
Although the rotational contribution to (Ar)T is usually one order of 

magnitude smaller than the vibrational contribution (Ar),ibT, it plays an 
important role in the temperature dependence of nuclear shielding. At the 
same time, we will find that the rotational effects play no role (or a negligible 
one) in the isotope shift. This we can predict already for certain cases by 
examining equations (25). Since these equations involve only mass-indepen- 
dent terms, there will be no rotational contribution to the isotope shift if 
isotopic substitution preserves the symmetry of the molecule, as in going 
from CH4 to CD, (but not in CH, to CH,D).39 

111. ISOTOPE SHIFTS IN DIATOMIC MOLECULES 

The general theoretical approach used in the interpretation of isotope 
shifts in particular and rovibrational effects on nuclear shielding in general 
has been given in the previous section. However, since some complications 
arise only in polyatomic molecules, there is some advantage to be gained 
in understanding isotope shifts in diatomic molecules first. 

A. Calculation of isotope shifts in diatomic molecules 

For a diatomic molecule it is convenient to expand the shielding as a 
power series in the reduced coordinate & = ( r - r e ) / r e .  For a particular 
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molecular state characterized by vibrational and rotational quantum num- 
bers v and J, 

(dU/d[)e(5)vJ+~(d2U/d52)e(52)vJ+' . ' (26) 

Here (t)vJ, ([2)vJ,. . . are the averages of the reduced coordinate over the 
vibrational-rotational wavefunction corresponding to the v,J level. The 
thermal averages ([)T, (t2)=, . . . may then be obtained by 

so that the thermal average shielding is 

The potential energy surface of a diatomic molecule can be written in 
terms of a Dunham potential or more approximately in terms of a Morse 
potential. Both have been used in the interpretation of isotope shifts. 

The Dunham potential function expresses the potential energy in terms 
of a Taylor series expansion in [:40 

The potential parameters a,, a,, . . . can be obtained from the expression 
for the energy levels of a diatomic molecule: 

m m  

Ev,= c y ,I (U+$)"J(J+l ) ] '  (30) 
i = O  1=0 

in terms of the spectroscopic constants X I .  The average values ([")vJ can 
then be obtained by perturbation theory in terms of the potential parameters. 
Herman and Short have derived the expressions for the average values:41 

m m  

( e " ) v J =  1 C zi,'"'(U+f)'[J(J+1)]' (31) 
i = O  1=0 

where the Zi:") are expressed in terms of the vibrational frequency we, the 
rotational constant Be and the coefficients a,, a,, . . .. Once these averages 
are known, the thermal average shielding can be obtained. This method has 
been applied to the H2 molecule by Raynes et al.42 and to H2, LiH and H F  
by D i t ~ h f i e l d . ~ ~  Typically, terms up to a6 in equation (29) are used. 

Some typical results are shown in Figs 4 and 5 and in Table 1. These 
were calculated by Ditchfield using shielding functions obtained from 
coupled Hartree-Fock calculations at various internuclear separations. The 
u values so obtained for a range of [ values are fitted to a power series in 
5 and the derivatives (duldt) , ,  (d2u/dt2),, . . . are obtained. These were 
used in equation (26) to calculate the values shown in Table 1. The thermal 
averages calculated in equation (28) are shown in Figs 4 and 5. 
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25.700 - P-H2 

25.650 - 
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27'250 
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FIG. 4. Calculated shielding components for H or D in H2, HD and D,. From reference 
43, with permission. 

We note in Table 1 that for any given v,J level the 'H or *D shielding in 
HD is greater than that in H,; in D2 it is greater than in HD. The calculated 
rovibrational effects on the average shielding at 300 K are shown in Table 
2. First we note that rovibrational averaging usually leads to deshielding, 
Li in LiH being the only known exception. Secondly, we note that the third- 

21.050 - 

I I I I I  
0 200 400 

T( K) T( K) 

FIG. 5. Calculated shielding components in HF. From reference 43, with permission. 
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TABLE 1 

Rovibrationally averaged shielding tensor components (in ppm) of individual molecular states for 
'H in H,, HD and D,, and I9F in HFP3 

at re 
0 0  
0 1  
0 2  
0 3  
1 0  
1 1  
1 2  
1 3  

~~ 

26.022 
25.694 
25.672 
25.627 
25.560 
25.067 
25.046 
25.004 
24.941 

~~ 

27.706 
27.330 
27.306 
27.257 
27.185 
26.608 
26.585 
26.539 
26.470 

~ 

26.022 
25.738 
25.721 
25.688 
25.637 
25.191 
25.175 
25.143 
25.095 

27.706 
27.380 
27.362 
27.326 
27.271 
26.751 
26.734 
26.699 
26.647 

26.022 
25.790 
25.779 
25.756 
25.723 
25.339 
25.328 
25.307 
25.275 

27.706 
27.440 
27.427 
27.403 
27.367 
26.922 
26.910 
26.887 
26.852 

395.98 
379.82 
379.68 
379.41 
379.00 
344.36 
344.19 
343.87 
343.38 

482.12 
482.10 
482.10 
482.10 
482.10 
482.07 
482.07 
482.07 
482.07 

TABLE 2 

The linear, quadratic and higher order rovibrational contributions to the thermal average shielding 
at 300 K, <o>-- a,, in ppmy3 

Nucl. 

'H 
IH 
'H 
2D 
I9F 
19F 
'H 
2D 
' Li 
' Li 

Mol. 

H2 
HD 
HF 
DF 
HF 
DF 
Li H 
LiD 
Li H 
LiD 

~~ ~ ~ 

-0.5554 -0.3694 -0.3814 
-0.3364 

-0.7021 -0.3721 -0.391 1 
-0.2951 

-7.42 -11.113 -11.23 

-0.1228 -0.1238 -0.1228 
-0.0978 

+0.1386 +0.0726 +0.0786 
+0.0656 

-8.161 

TABLE 3 
Calculated isotope shifts, in ppm." 

Molecule Nucleus Calculation Experiment Ref. 

HD - H2 'H -0.045 -0.036 f 0.002 44 
D2- HD 2D -0.054 -0.0469 f 0.0005 45 
DF-  HF I9F -3.07 -2.5 f 0.5 46 

DLi - HLi ' Li +0.013 
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and higher-order terms in equation (28) have very little effect on the thermal 
average shielding; terms up to quadratic are sufficient to include nearly all 
rovibrational effects. The calculated isotope shifts at 300 K are shown in 
Table 3. 7Li, which shows an unusual temperature dependence, also shows 
an unusual sign for the D-induced isotope shift. 

In order to observe more easily the largest terms which contribute to the 
above equations and explicitly express their mass dependence, we write 
only the leading terms, expressed in the measured spectroscopic constants 
of the molecule. The leading terms in the potential energy are: 

V( 5) = ( hcwe2/4Be)[ 6’ + a t3 + * . -1 - hcBeJ( J + 1 )[ 25 - 3 5’ + * . -1 (32) 
where a, can also be expressed as 

a ,  = -[ 1 + (aewe/6B:)]  (33) 
a, being the vibrational-rotational interaction constant. 

molecule is the Morse function:47 
An especially useful form of an approximate potential for the diatomic 

V = De{ 1 - exp[ -a( r - re) ] }2  (34) 
For the Morse potential the ratio $(d3 V/d53)e/(d’V/d52)e = -are can be 
identified with a,, the same a, that we have previously defined above. The 
leading terms in equation (31) are: 

( O v J  = -3( u + +)aI(Be/we) + ~ J ( J  + 1 )(Be/ me)’ (35) 

(t2)vJ=2(u+f)(~e/we) (36) 
These substituted into equation (26) then give the leading terms in the 
shielding: 

(a>,, = a e +  ( d a / d t ) e [ - 3 a l ( B e / w e ) ( u + t )  +4(Be/we)’J(J  + 111 

+t(d2a/d5’)e2(Be/we)(u ++I (37) 
With a classical thermal average for ( J ( J  + 1))’ and a further approxima- 

tion given in equation (11) for (u+f>’ ,  the thermal average shielding is:48 

( a>’= me + (Be /  we)[  (d2a/dt2), - 3a,(d~/d() , ]  x i  coth( hcwe/2kT) 

+ (da/dt),4(Be/hcw~)kT (38) 
Of these quantities, a, is mass-independent and the others depend on the 
reduced mass of the diatomic molecule as follows: 

we* = (p/p*)4& 
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Furthermore the thermal average ( v  +f)’ is also mass-dependent since the 
populations of the vibrational energy levels over which this average is taken 
depend on the vibrational frequency 0,. We note that B,/w: is mass- 
independent, so the rotational contribution to the thermal average shielding 
in the diatomic molecule is independent of mass. 

Therefore the isotope shift is given by 

(a )  -(a>* = [(d2a/d5’)e- 3al(du/dS)el(Be/ W e )  

x (coth(hcwJ2kT) - ( p / p * ) t  coth[hc(p/p*)~we/2kT]} (40) 

Alternatively, equation (38) and equation (40) can be written in terms of 
the mean bond displacement (Ar)T and the mean square amplitude ((Ar)2)T: 

(a)’= a,+ (da/dAr),(Ar)’+f(d’a/dAr2)e((Ar)2)T+ * * (41) 

(a)  - (a)* = (da/dAr),[(Ar) - (Ar)*] 

+~(d’a/dAr’),[((Ar)’)-((Ar)2)*l+ * - - (42) 

where 

( hr)T,ib = - (3/2) a1 ( Be/ w,) re coth( hco,/ 2 kT) (45) 

((Ar)2)Tvib = (B,/w,)r: coth(hcoJ2kT) (46) 

We note that including only terms up to quadratic allows us to write 
(Ar)TVib= -(3/2)(~]/r,)((Ar)’)~ or, in terms of the Morse parameter:49 

(Ar)Tvib = (3/2)a((ArI2)’ (47) 

For a harmonic oscillator equation (46) is exact, so we shall refer to the 
term involving this and the second derivatives of the shielding as the 
“harmonic vibrational contribution”. On the other hand, only for an anhar- 
monic vibration is a, # 0, therefore we shall refer to the term involving this 
and the first derivative of the shielding as the “anharmonic vibrational 
contribution”. The rotational contribution is due to centrifugal stretching. 
As the molecule rotates, the atoms tend to move away from the centre of 
mass, thereby contributing to an increase of the mean bond length with 
increasing rotational energy, or with increasing temperature. 

We have calculated the rovibrational corrections to shielding and the 
isotope shift using equations (38) and (40) and show the rotational (equation 
(44)), the anharmonic vibrational (equation (45)) and the harmonic vibra- 
tional (equation (46)) contributions separately in Tables 4-6 for some 
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TABLE 4 

Rotational, anharmonic vibrational and harmonic vibrational contributions to shielding, 
<a>300- a,, in ppm." 

Nucl. Mol. Rotational Anharm. vib. Harm. vib. Total 

'H 
'H 
'H 
'H 
Li 

7 ~ i  
'H 
2D 
I9F 
I9F 
13c 

l3c 
i70 

1 7 0  

"N 
I5N 

H2 
HD 

7LiH 
6LiH 
LiH 
LiD 
HF 
DF 
HF 
DF 

1 3 ~ 1 6 0  

1 3 ~ 1 8 0  

1 2 ~ 1 7 0  

1 3 ~ 1 7 0  

1 5 ~ 1 4 ~  

15Nz 

-0.4238 
-0.4238 
-0.0136 
-0.0136 
+0.0380 
+0.0380 
-0.0380 
-0.0380 
-0.3840 
-0.3840 
-0.1594 
-0.1594 
-0.1846 
-0.1846 
-0.2108 
-0.2108 

-0.5342 
-0.4619 
-0.0651 
-0.0658 
+0.1816 
+0.1377 
-0.6264 
-0.4545 
-6.3280 
-4.59 16 
-1.6432 
- 1.601 8 
- 1.9213 
- 1.8775 
-2.4825 
-2.4393 

+0.0669 
f0.0578 
-0.1278 
-0.129 1 
-0.1035 
-0.0785 
+0.2902 
+0.2106 
-2.8728 
-2.0845 
-0.2285 
-0.2221 
-0.2760 
-0.2697 
-0.8529 
-0.8381 

-0.5096 
-0.4464 
-0.2066 
-0.2086 
+0.1160 
+0.0972 
-0.3742 
-0.2819 
-9.5847 
-7.0599 
-2.031 1 
-1.9839' 
-2.3819' 
-2.3319' 
-3.5462 
-3.48 8 1 

This work, using equation (38). 
This may be compared with results of calculations by Raynes and Stanney" which are, 

respectively, -2.23, -2.17, -2.6 and -2.54 ppm. 

diatomic molecules. We have used shielding derivatives from the literature 
for H2,42 LiH," HF,52 C053 and N2.54 

There are several points worth noting in Table 4. First, as in Table 2, we 
find that the rovibrational effects lead to deshielding of the nucleus compared 
to the rigid equilibrium configuration, except in the case of Li in LiH. 

TABLE 5 

Temperature dependence of nuclear shielding, < < u>*Oo, in ppm.' 

Nucl. Mol. Rotational Anharm. vib. Harm. vib. Total 

'H HZ -0.0282 0 0 -0.0282 
'H 'LiH -0.0091 -0.0008 -0.0016 -0.01 15 
' ~ i  6LiH f0.0253 +0.0023 -0.0013 +0.0263 
'H HF -0.0253 0 0 -0.0253 
I9F HF -0.2560 0 0 -0.2560 

1 7 0  1 2 ~ 1 7 0  -0.1231 -0.0020 -0.0003 -0.1254 
I5N I5N2 -0.1405 -0.0013 -0.0004 -0.1423 

13c 1 3 ~ 1 6 0  -0.1062 -0.0016 - 0.0002 -0.1081 

This work, using equation (38). 
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TABLE 6 

Anharmonic and harmonic vibrational contributions to the isotope shift, in ppm." 

Nucl. Mol. Anharm. Harm. Total Expt. Ref. 

'H 
'H 
Li 

'H 
I9F 
I3C 

I5N 
170 

H D - H ,  
7LiH - 6LiH 
LID - LiH 
D F  - H F  
D F -  H F  

1 3 ~ 1 8 0  - 1 3 ~ 1 6 0  

1 3 ~ 1 7 0  - 1 2 ~ 1 7 0  

IsN, - lsNL4N 

-0.0723 
-0.0007 
+0.0438 
-0.1719 
-1.7364 
-0.0414 
-0.0438 
-0.0432 

+0.0090 
-0.0013 
-0.0250 
+0.0796 
-0.7883 
-0.0058 
-0.0063 
-0.0148 

-0.0632b -0.036* 0.002 44 
-0.0020 
+0.0188 
-0.0923 
-2.5248 -2.5 *0.5 46 
-0.0472' -0.0476*0.0016 50 
-0.0501 -0.1 10*0.001 50 
-0.0581 -0.0601 It0.002 141 

~ _ _ _ _ ~ _ _ _ _ _ _ _ _ ~ ~ ~  ~ ~ ~ ~ 

This work, using equation (40). 
For isotopomers of H, the classical treatment of rotation leads to significant error. A 

proper average taking into consideration the nuclear spin statistics gives better results: -0.047,s6 

' This may be compared with -0.06 ppm obtained from calculations including cubic terms.5s 
-0.042,4' -0.045?3 

Second, the anharmonic vibration contribution is the largest one of the 
three in every molecule (except for LiH) and the rotational contribution is 
the smallest (except for H2). Third, neglect of the harmonic vibrational 
contribution leads to error. Differences in shielding between pairs of isotopi- 
cally related molecular species give the isotope shifts in Table 6 .  There is 
no rotational contribution to the isotope shift in the diatomic molecule. 
The relative contributions of the anharmonic and harmonic vibrational 
effects vary so that neglect of the harmonic contribution in calculating the 
isotope shift can lead to error. The largest error would occur in the case of 

F in the DF-HF system, in which the harmonic vibrational contribution 
is 31% of the observed isotope shift. 

On the other hand, the temperature dependence of the shielding depends 
nearly entirely on rotation, with vibrational effects accounting for 0-2'/0. 
This is easily understood by consulting equation (38). The linear temperature 
dependence dominates the change of the average shielding with temperature, 
especially for these diatomic molecules which have very strong bonds 
characterized by high vibrational frequencies. The ( h c w / 2 k T )  term is large, 
for which the coth function is very nearly constant and equal to 1.0. For 
weaker bonds such as in F2 and CIF, the rotational contribution still 
dominates the temperature dependence of the shielding although the anhar- 
monic vibration contribution to the temperature dependence becomes sig- 
nifi~ant.~'  A significant rotational contribution to the temperature depen- 
dence means that the term in the first derivative determines the observed 
temperature dependence in a gas in the limit of zero pressure. A single 
parameter fit to such data then yields empirical values of (daldhr), .  

19 
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Ditchfield has noted that for the diatomic molecules HZ, HF and LiH the 
contributions to the temperature dependence of shielding from second and 
higher derivatives of shielding are altogether too small to affect the observed 
temperature dependence in the zero-pressure limit to a measurable extent. 

B. The dynamic factor in isotope shifts 

In order to be able to discuss general trends in isotope shifts, we need 
to be able to see what factors determine the isotope effect on  AT)"^^ and (Ar’). 

1. Estimation of (Ar)-(Ar)* 

dependence of Be and we (equation (39)) we can write 
From equation (45) we see that by making use of the implicit mass 

(Ar) - (AT)* = -( 3/2) a ,  re{ ( Be/ w e )  coth( hcwe/2kT) 

- ( P /  / .*)’(Be/ we)  coth[hc(P/ P * ) ’ o ~ / ~ ~ T I I  (48) 
There are several approximations which can be invoked to simplify this 
expression further: 

(i) if coth(hcwe/2kT) is very close to 1.0 and coth[hc(p/p*)~we/2kT] is 
also very close to 1.0, i.e. for high vibrational frequencies, then (Ar)-(Ar)* 
reduces simply to 

Similarly 
(Ar) - (Ar)* = [ 1 - (p/p*);](Ar) (49) 

((Ar)*)-((Ar)7* =[I  -(P/P*):I(Ar’) (50) 

(ii) [l - ( p / p * ) i ]  can be further approximated by (p* -p ) /2p*  so that 

( ~ r )  - ( ~ r ) *  (ar)( -) P * - P  = (ar); (+) (*) ( 5  1 ) 2P * m 

((A r ) 2 )  - ((A r)’)* = ( (A  r)’)( 9) = ( (A  r )’) ; (9) (A) m,+ m ( 52) 

where mA is the mass of the observed nucleus A and the isotopes m‘ and 
m of the other nucleus X in the diatomic molecule. 

2. The concept of the reduced isotope shgt 

Although equation (52) is only an approximate one, it is still a nice simple 
formula which allows us to separate out most (not all) of the mass depen- 
dence of the isotope shift. 

(du/dAr)e(Ar)+ 
f( d2a/dAr2),( ( Ar)’) 

A A( m ‘ / m  X) = (a) - = 
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If we define a reduced isotope shift as 

then 

'AhR( A, X) = (du/dAr),(Ar) + $(d'u/dAr'),( ( Ar)') ( 5 5 )  

This definition has the advantage of allowing us to compare isotope shifts 
of the same nucleus under different isotopic substitutions, for example the 

C1-induced "F isotope shift with the '"H-induced "F isotope shift in 
ClF and HF respectively. The mass factors have been explicitly removed, 
leaving a reduced isotope shift which contains primarily electronic informa- 
tion (not entirely since (Ar) and ((Ar)') are still mass-dependent). 

Furthermore, within this approximation the reduced isotope shift gives 
the rovibrational corrections to shielding at that temperature, 

37/35 

( ( p ) 3 0 0  - ueA 1 A R (A,X). (56)  

3. Estimation of (Ar) 

If we make the approximation of including only the linear term in equation 
( 5 5 ) ,  the reduced isotope shifts can be implemented in the determination 
of the derivatives (du/dAr), or for the prediction of magnitudes of isotope 
shifts from known or estimated derivatives. To do this we need to be able 
to estimate (Ar). For diatomic molecules this is not a problem since there 
are usually enough known spectroscopic constants to calculate (Ar) without 
using estimates. To apply this reduced isotope shift concept to polyatomic 
molecules we need to be able to estimate (Ar) for a bond in a polyatomic 
molecule. Thus we use the known spectroscopic constants for many diatomic 
molecules to verify how good this estimation method is. 

We have already seen in equation (47) that, for diatomic molecules, 

(Ar)vibT = (3 /2)a( (A~) ' )~  (47) 

If the harmonic approximation is used for ((Ar)2) it is possible to express 
(A&,, as5* 

where 

F3 = ( 1/3)(a3 V / d r 3 ) ,  F2 = (a'V/ar'), 

and the temperature dependence has been suppressed. Herschbach and 
Laurie found that F3 and F2 are approximately exponential functions of 
internuclear distance, each described by a family of curves which are 
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determined by the location of the bonded atoms in rows of the periodic 
table.59 

(-1)"F, = l o - ( r e - % ) / b "  (58) 

(Ar)"ib ( 3 h / 8 ~ ) p - f 1 0 - ~  (59) 

Thus we write 

where 

D = (re - a3)/ b, - 3( re - a2)/2b2 (60) 

has units of (energy)-"2. The constant in equation (59) is 19.35 x lop3 
if p is in amu, and the a2, b2, a3 and b, are reproduced in Table 7. A 
comparison of equation (59) with the (Ar)vib calculated at 300K using 

TABLE 7 

Herschbach-Laurie ~arameters.5~ 

Row a, a3 b2 b3 Row a2 0 3  b2 b3 

H 1 1.54 1.58 0.64 0.48 
H 2 1.80 1.85 0.69 0.59 
H 3 1.98 2.01 0.95 0.74 
H 4 2.08 2.07 0.96 0.74 
H 5 2.06 2.12 0.78 0.90 
1 1 1.73 1.78 0.47 0.39 
1 2 2.02 2.10 0.53 0.48 
1 3 2.15 2.26 0.60 0.55 
1 4 2.36 2.41 0.76 0.57 
1 5 2.47 2.48 0.87 0.68 
2 2 2.40 2.48 0.70 0.61 
2 3 2.54 2.57 0.98 0.72 

2 4 2.63 2.70 0.96 0.73 
2 5 2.71 2.81 1.09 1.09 
3 3 2.70 2.77 1.12 0.89 
3 4 2.66 2.76 1.48 1.19 
3 5 2.73 2.83 1.31 1.05 
4 4 2.85 2.95 0.94 0.70 
4 5 2.84 2.93 1.09 0.78 
H 3T 1.82 1.92 1.04 0.86 
H 4T 1.83 0.75 
H 5T 1.77 0.47 
1 3T 1.98 0.44 
1 4T 2.15 0.52 

equation (45) and the known spectroscopic constants of a large set of 
diatomic molecules6' shows good overall agreement for (Ar)vi,, values from 
3 to 25 x lop3 A.58 What this means is that it is possible to estimate (Ar) for 
a diatomic molecule by knowing only the bond length. Similarly 

((Ar)2) = ( h / 4 ~ ) p - ' / ~ l O + ~  (61) 

where d E ( re  - a2)/2b2. lotd has units of length x 
Thus the reduced isotope shift can be expressed as 

h -112 

1 R  A (A,X)=- [3 x 10-D(da/dAr)e+ 10d(d2a/dAr2),] (62) 
87r 
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C. The electronic factor in isotope shifts: the change in shielding with 
bond extension 

We have seen that the dynamic factor in isotope shifts is largely predictable 
and transferable for a given bond, e.g. C-F, from one molecule to the next. 
This means that the isotope shift carries primarily electronic information. 
This is shown by the correlation in Fig. 2. The change in shielding with 
bond extension is as much an index of the chemical bond as is the spin-spin 
coupling or the chemical shift. Therefore we shall consider in this section 
what is known about this index from theoretical and experimental sources. 

1 .  The change in ' H  shielding with internuclear separation in H; 

The shielding in the H2+ molecule has been fully characterized over the 
entire range of internuclear separations by Hegstrom," with relativistic 
calculations; it is represented in Fig. 3. We note several points about the 
behaviour of the 'H shielding in this molecule. First, the shielding at the 
equilibrium configuration is greater than the diamagnetic shielding of the 
separated atoms, which is also found for I9F in ClF but is unusual otherwise. 
In most diatomic molecules the nuclear shielding at the equilibrium separ- 
ation, a,, is less than the diamagnetic shielding of the separated atoms. 
Second, the shielding decreases with bond extension away from equilibrium. 
This is typical for diatomic molecules. Only Li in LiH has shown exceptional 
b e h a v i o ~ r . ~ ~ , ~ '  This indicates that, if H2+ is at all typical, the minimum in 
the shielding function occurs at nuclear separations significantly greater 
than that at the equilibrium geometry. In Fig. 3 we have also sketched the 
potential energy curve V ( r )  and the vibrational levels. With these we can 
readily see that vibrational averaging leads to deshielding and that the 'H 
shielding in H2+ would decrease with increasing temperature as the higher 
vibrational levels become more populated. The mean bond displacement 
for HD+ is less than that for H2+, leading to the correspondingly higher 
average shielding for 'H in HD+ compared to H2+, i.e. an isotope shift of 
the usual sign. 

2. Derivatives of the perpendicular and parallel components of nuclear 
shielding in a diatomic molecule 

We can illustrate (dwJdAr), and (dall/dAr), for 'H and I9F in H F  by 
means of a shielding density difference map.61 The shielding density 
describes the contributions to shielding from various regions in the electronic 
distribution in the molecule in the same way that a charge density map 
shows the electronic distribution itself. The shielding density for the equili- 
brium HF geometry can be subtracted from the shielding density for the 
extended H F  geometry, giving the density difference maps shown in Fig. 
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FIG. 6. Shielding density difference maps for 19F and 'H in the HF molecule upon bond 
extension, individually scaled. For comparison, extrema are: (a) I9F(l)  116.46, (b) 
I9F(l)) -0.076, 0.0128; (c) 'H(l1) -0.333, 0.0124; (d) ' H ( I )  1.884, -2.003 (at H )  and 1.123, 
-1.972 (at F), in arbitrary units. From reference 61, with permission. 

6 .  These may be viewed as mappings of the distribution of (daldhr), ,  i.e. 
they show which regions of electronic distribution contribute to the change 
in shielding as the bond is extended. These are individually scaled so as to 
show the features of the (daJdAr),  and (daIl/dAr), density surfaces. The 
maximum values for each surface are shown in the figure caption. The 
derivatives obtained with this particular calculation (coupled Hartree-Fock 
calculation with gauge origin at F, using the Lie-Clementi basis set for HF) 
are also shown in the figure. 

There are several points of interest in Fig. 6 .  First, the perpendicular 
component of the 19F shielding in HF has a much larger derivative than 
the parallel component, whereas the derivatives of the parallel and perpen- 
dicular components have comparable magnitudes for 'H shielding. The 
reason for this becomes apparent when it is recalled that all is purely 
diamagnetic (for any gauge origin along the line of centres) whereas al 
has both diamagnetic and paramagnetic contributions. Since the diamag- 
netic contribution to shielding varies as l / r  (where r is the position of the 
electron relative to the nucleus) whereas the paramagnetic shielding varies 
as F 3 ,  it is reasonable that the paramagnetic shielding changes more 
drastically when the bond is extended. Proton shielding, on the other hand, 
is largely diamagnetic, so the changes with bond extension of the values of 
aI and a11 are comparable. Second, the 19F shielding change with bond 
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extension comes from the immediate neighbourhood of the F nucleus with 
very minor contributions from the other regions in the molecule. On the 
other hand, the 'H shielding change with bond extension originates not 
only from the vicinity of the 'H nucleus but also from around the F nucleus, 
particularly for ( dulH/dAr)e. The paramagnetic contribution to this com- 
ponent originates largely from the p orbitals on F. The changes in the 
parallel components [(dallH/dAr), in Fig. 6 (b) and (d) are entirely diamag- 
netic] corresponding more closely to the charge density redistribution upon 
bond extension observed by Bader and Bandrauk6' shown in Fig. 7. Charge 
is removed from along the internuclear axis and becomes concentrated in 
the perpendicular region. The quadrupolar character of the charge density 
difference observed in Fig. 7 is reflected in Fig. 6 (b) and (d) for the 
(d@,l/dAr),. 

I ooo 
I 

LO F Li F 

FIG. 7. Charge redistribution upon bond extension in LiF and N, molecules. Positive 
contours correspond to an increase, negative to a decrease in electronic charge density. 
Displacement of nucleus marked by arrow is 0.132 a.u. for N,, 0.232 a.u. for LiF. From reference 
62, with permission. 

The shieldings in diatomic molecules other than H2+ have only been 
calculated for separations very close to the equilibrium one. This allows 
derivatives of the shielding to be calculated. Some of Ditchfield's calculated 
derivatives for HZ, HF and LiH are shown in Table 8. He actually reported 
values up to 6th derivatives for H F  and LiH. 

The unusual positive (dulL'/dAr) shown in Table 8 leads to an unusual 
sign of the isotope shift for 7Li. The explanation for this may be seen in 
Fig. 7; upon bond extension the charge polarization in the vicinity of the 
Li nucleus in LiF is primarily dipolar. The charge density is removed from 
the overlap region and builds up immediately in front of the Li nucleus. 
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TABLE 8 

The shielding functions for H,, HF and LiH, in ~ p r n ? ~  

Mol. Component 0; (da/d5), (d2U/dt2), 

26.0223 
27.7056 

21.2063 
44.2187 

395.981 
482.118 

25.3210 
28.3655 
88.9281 

101.605 

-14.9632 
-16.1798 

-20.9333 
-73.1549 

-605.969 
-3.4390 

-3.9974 
-12.0785 

15.0629 
-6.9587 

24.0505 
23.0573 

88.3674 
179.126 

-1998.51 
17.4407 

-10.6593 
19.5267 

12.7755 
-41.1407 

In Ditchfield's shielding calculations on LiH this unusual sign is shown to 
arise from a decrease in the local paramagnetic currents arising from a + T* 

magnetic field-induced mixing when the bond is extended, which results in 
an increase in alLi, an increase large enough to offset the decreases in the 
diamagnetic contributions. 

3. Empirical estimates of (da/dAr), 

Derivatives of nuclear shielding can also be obtained from experiment. 
There are three sources: (i) molecular beam data on individual v and J 
states; (ii) ao(T) data from dilute gas phase measurements extrapolated to 
zero pressure; (iii) isotope shifts. 

Most molecular beam data provide nuclear spin-rotation constants C,, 
for a specific v,J state of the molecule. The relationship which has been 
established between the electronic part of the spin-rotation constant and 
the paramagnetic part of nuclear then allows the paramagnetic 
shielding tensor components for a given v,J state of the molecule to be 
calculated from the spin-rotation constants: 

CvJeleC = k( $) 
VJ 

where k involves only fundamental constants. Theoretical calculations of 
the diamagnetic components are relatively easy since they depend only on 
the ground state electronic wavefunction. Putting these two parts together 
then allows the determination of (a),, from molecular beam data. When 
molecular beam spectra for more than one v,J state have been analysed, 
one can write the spin-rotation constants in terms of the same reduced 



28 CYNTHIA J.  JAMESON AN'D H. JORG OSTEN 

coordinate as in equation (26):65 

CvJeleC = k C s,( $) 
n VJ 

In the analysis of the spin-rotation constant for a given u, the expansion 
coefficients s, obtained by fitting several individual CJeleC are related to 
(d"aP/d&"),. Alternatively, one could write the relation between the para- 
magnetic shielding and the total spin-rotation constant (not just the elec- 
tronic part) as: 

up = k(  1 + &)2C - b( 1 + t)-' (65) 
where k and b are known constants in terms of the equilibrium molecular 
geometry. By differentiating this equation with respect to 5, (dap/dt) ,  can 
be found in terms of (dC/dt),.  This approach was used for F2.66 Using the 
measured spin-rotation constant, 

(C)/kHz= -(156.85 kO.10) - (0.0024*0.0010)J(J+ 1) 

one can identify 

4(dC/d&) , (B, /~ , )~  = -0.0024k 0.0010 (66) 

From this one may calculate (daP/dt), for I9F in F2 as -4080 ppm. 
Another experimental source of shielding derivatives is the temperature 

dependence of shielding measured in the dilute gas phase in the limit of 
zero pressure. There are temperature dependent intermolecular effects which 
have to be removed in obtaining the zero-pressure limit. These are density 
dependent and are linear functions of density in the dilute gas.I6 Therefore, 
variable temperature measurements in samples of known density can give 
information on both ao(T), the shielding in the zero-pressure limit, and 
a,(T), the intermolecular shielding coefficient in the virial expansion 
(equation (2)). The fitting of the experimental data points described by 
[ao(T) - a0(300)] to the (a)T- (a)300 of equation (38) leads to an empirical 
estimate of (daldt),. Although equation (38) involves two parameters, 
(da/d&), and (d*a/d&),, only the first derivative can be obtained from 
experiment. The rotational contribution, which has a linear dependence on 
temperature as seen in equation (38), dominates the temperature depen- 
dence, ( c T ) ~ " ~  - (a)300K, for example. This is shown very dramatically in 
Table 5.  It is in fact not necessary for the rotational contribution to (a)400 - 
( a)2oo to be so overwhelming. A significant rotational contribution when 
combined with an anharmonic vibrational contribution makes the term in 
(da/d&), dominant over the harmonic vibrational contribution which has 
the factor (d2a/dt2),. Both vibrational contributions have the same depen- 
dence on temperature, that of ( u + ; ) ~ ,  and on mass, as seen in equation 
(40). Thus the relative magnitudes of anharmonic and harmonic contribu- 
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tions to the isotope shift (shown in Table 6) also directly reflect the rela- 
tive magnitudes of the anharmonic and harmonic contributions to the 
temperature dependence. We see in Table 6 that, except for LiH, the 
ratio of anharmonic/harmonic contributions which is the ratio 
-3ul(da/d&),/(d2a/d"), is better than 2.2-8. Any rotational contribution 
to the temperature dependence makes the (da/d(),  more important. Thus 
it is usually not possible to extract (d2a/dt2),  from ao(T) - ~ ~ ( 3 0 0 )  experi- 
mental data. At the same time this means that the one-parameter fit to the 
experimental data gives a good account of (da/d&), essentially uncontami- 
nated by (d2a/dt2),  contributions. 

There is a major problem associated with this source of (da/d(),, 
however. The ao(T) - ~ ~ ( 3 0 0 )  data result after correcting for the temperature 
dependence of the reference (such as the substance used for the field- 
frequency lock). This is a small correction when compared to ao(T) - a0(300) 
for 19F. However, for other nuclei which have relatively small changes in 
a, with temperature, the errors associated with the temperature dependence 
of the reference may be as large as the ao(T)-ao(300) values themselves. 
This is found to be the case for I3C in CH4 and "B in BF3. For I3C in CO 
the reference temperature dependence is of the same order of magnitude 
as the ao(T)-ao(300) for CO itself. This leads to systematic errors not 
reflected in the reported precision of the data. For I3C in CO we reported 
a derivative that is too small to reproduce the experimental "0-induced 
isotope shift in the I3C spectrum ~bserved.~'  On the other hand, with the 
theoretical derivatives from Stevens and Karplus, we calculate an isotope 
shift which is -0.0472, in good agreement with the experimental value 
-0.0476 f 0.0016 ppm. Some diatomic molecules for which derivatives have 
been estimated in this way are 13C in CO ((da/dAr) = -226),67 "N in N2 
(-774),67 I9F in C1F (-2070)57 and I9F in F2 (-4530),s7 all in ppm &'. 
There are also some estimates for 'H in HCl and HBr, but since the 
temperature dependence of 'H shielding is very small these are probably 
not accurate.68 

A third source of empirical estimates of (da/d&), is the isotope shift 
itself. In those cases in which the ratio [-3~~(da/d&)]/(d'a/d(~), is 8 or 
greater, the isotope shift will give a value within 12% (or better) of the true 
(da/d&), if the observed isotope shift is fitted to only the linear part of 
equation (42). For an unfavourable case, I9F in HF, this ratio is 2.2, which 
means that the isotope shift will give 145% of the true (da/d(),. Neverthe- 
less, since the isotope shift is so much easier to measure than the temperature 
dependence of shielding in the gas phase in the zero-pressure limit, this is 
a valuable tool for this purpose. Furthermore, it is possible to measure 
isotope shifts in ions such as CN-, PO:- or NH4+, on which it would be 
very difficult to make gas-phase measurements. Thus, for these types of 
species the isotope shifts provide useful electronic information which is not 
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otherwise accessible. Diatomic molecules for which isotope shifts have been 
used to derive estimates of (da/dAr) are (-456* 15 for I3C and -1150* 130 
for 170),s0 CN- (-473 for I3C and -873 for 15N)69 and H2 (-11.5,'* -12.1 70),  

all in ppm A-'. 
Of course a combination of methods (ii) and (iii) would allow both first 

and second derivatives to be determined from experiment. An attempt to 
use a combination of (i) and (iii) for H2 gives inconsistent results.70 

IV. ONE-BOND ISOTOPE SHIFTS IN POLYATOMIC MOLECULES 

A. Ab initio calculations: the water molecule 

Ab initio methods of calculation have provided some highly accurate 
estimates of electric and magnetic properties of small molecules. However, 
almost all these calculations have been performed only at the equilibrium 
molecular geometries. An accurate calculation of NMR isotope shifts 
requires reliable quantum chemical calculations of the nuclear shielding 
surface near the equilibrium configuration. From such calculations it would 
be possible to obtain derivatives of the shielding with respect to geometry 
changes. These derivatives multiplied by the differences in the mean bond 
displacements, mean bond angle deformations, etc. which are obtained as 
thermal averages over a small part of the potential surface lead to calculated 
NMR isotope shifts according to equation (5). This has been done so far 
only for the water molecule. Coupled Hartree-Fock perturbation theory 
has been used7' to calculate the 'H and I7O nuclear shielding surfaces. For 
equilibrium geometries ( I - , ,  = 0.9572 A; angle HOH = 104.52"), the origin 
of the vector potential of the external magnetic field is placed at the oxygen 
nucleus, and for non-equilibrium geometries the gauge origin is placed at 
the site on the Eckart axes that the oxygen nucleus would occupy in the 
equilibrium configuration of H2l60. The distance of the gauge origin from 
the oxygen nucleus is never more than 0.03 A. 

For the equilibrium configuration the following values of the diamagnetic 
and the paramagnetic parts of both the proton and oxygen shielding tensor 
components (all in ppm) are obtained. 

For the oxygen shielding: 
415.311 0 .."i.i-( : 417.169 : ) 

0 416.02 

- 105.987 

0 
-1 12.641 

0 
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leading to 

ao = 325.710 ppm 
0 309.839 

a ( O ) =  0 304.529 

31.480 7.;01 21:7) 

18.026 0 22.712 

6.628 0 -7.759 i -12.217 0 6.712 

r2r2 O 

i 
For the proton shielding: 

a d ( H ) =  0 

14.234 0 ) a P ( H ) =  0 

leading to 
38.108 0 17.738 

aH = 29.823 ppm 
5.809 0 29.424 

a ( H ) =  0 21.935 i 
The isotropic shielding can be directly compared with experimental 

values. For the proton shielding they estimated a a, value of 30.59 f 0.02 ppm 
by combining the experimental value of 30.052 * 0.0015 ppm72 with a zero- 
point vibration correction of -0.54ppm. For the oxygen shielding the 
agreement with an experimental value of a, = 357 f 17 ppm is less satisfac- 
tory. The experimental room temperature gas phase value is 344.0* 17.2 
with a vibrational correction of -13.6.73 

The calculation of the shielding surface was performed at forty-eight 
different nuclear geometries (sixteen of C,, symmetry, thirty-two of C, 
symmetry) over a range of 0.65 A <  r < 1.25 A and 61°C a < 155". The 
functional dependence of the oxygen and the proton shielding on 111, II, 
and ha has been calculated (Fig. 8). The protons are labelled 1 and 2 and 
the displacements from the equilibrium geometry are 111 (positive for an 
increase in the 0-H,  bond length), 2, (for the 0-Hz bond length), and A a  
(positive for an increase in the HOH bond angle). Figure 8(a) shows how 
the oxygen shielding changes with ha (111 = I 1 2 = O ) .  A minimum in the 
shielding surface near the equilibrium bond angle is close to ha = +0.02 rad. 
The fact that ao reaches a minimum at an angle coincident with the energy 
can be understood by the argument that angle change in either direction 
from the equilibrium weakens the bonding so that a approaches its atomic 
value which is larger than for equilibrium. As is visible from Fig. 8(a), ao 
is sensitive to small bond angle deformations. Figure 8(b) gives a plot of 
ao against S1, the actual displacement along the bond direction of each of 
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A a  / rad - 
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FIG. 8. Nuclear shielding function (in ppm) for H,O: (a) uo us. bond angle change; (b) 
uo us. displacement along the bond direction of each of the two protons; (c) uH us. bond 
angle change; (d)  u"~ and uH2 us. displacement along 0 - H , .  From reference 71, with 
permission. 

the two protons. Figure 8(b) also shows that the oxygen shielding is very 
sensitive to changes in the 0 -H  bond lengths. 

The proton shielding as a function of Act and H, is given in Fig. 8(c) 
and (d). The dependence of uH on bond angle changes is small compared 
to bond length changes. An increase in the bond length leads to a decrease 
in the proton shielding. There are smaller (secondary) effects on uH, i.e. 
the change in u(H2) due to a change in the other 0 - H  bond (2,). 

From a least-squares fit of their shielding data for different geometries 
to equation (4), Fowler et al. obtained altogether twenty-two independent 
derivatives of the proton and oxygen nuclear shielding with respect to 
geometry changes (up to fourth order). Some of these are given below. 

For the oxygen shielding: 

(auo/aAr),  = -270.9 ppm A-' (auo/dAct), = -27.3 pprn rad-' 

(a2uo/dAr2), = -1045.6 ppm A-' (a2uo/aAct2), = +138.8 ppm rad-2 
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For the proton shielding: 

(aaHi /aAr l ) ,  = -35.3 ppm A-' (awHl/aAr2), = -4.6 ppm A-' 

( d a H / d A a ) ,  = -4.0 ppm rad-' (a2aH/aAa2) ,  = -3.0 pprn rad-' 

(a2a"l/aAr12), = +110.0 ppm A-2 (a2aHl/dAr22), = -24.5 ppm A-' 

The small magnitude of (da"/aAa) ,  found in H 2 0  by Fowler et al. as 
well as by Schindler and K ~ t z e l n i g g ~ ~  can be understood in terms of the 
changes in the bond pair and lone pair electron distributions with bond 
angle deformation. The lone pair has an important role to play in the "0 
shielding (as also in 33S and 77Se shielding in the other bent molecules H2S, 
H2Se, SO2, SeO,) because the highest occupied molecular orbital in 
molecules of this type consists primarily of a lone pair on the central atom, 
as indicated by theoretical calculations and supported by photoelectron 
spectral data. The lowest excitation energy corresponds to the magnetic 
dipole allowed b, (lone pair) --* a, excitation which therefore makes an 
important contribution to the paramagnetic term in the shielding according 
to Ramsey's theory.h4 Figure 9 shows the results of ab initio studies in H20,  
in which the bond lengths are held fixed at their equilibrium value and the 
bond angle is allowed to vary.75 These diagrams show that, as the nuclei 
vibrate away from their equilibrium positions, the oxygen orbital lags behind 
whereas the orbitals centred on H completely follow the H nuclei. Also, 
the oxygen lone pair p character increases with increasing bond angle. 
Similar results are obtained for H,S. The consequences of charge redistribu- 
tion accompanying bond angle deformation are as follows. The lack of 
orbital following leads to a small magnitude of (aao /dAa) , .  In the limit of 
complete orbital stasis (aa"/dAa) ,  = 0. To a first approximation the increase 
in p character of the 0 lone pair with increasing bond angle gives a 
deshielding contribution, i.e. (aa"/aAa) ,  < 0. This qualitative picture is 
consistent with the results of Fowler et al., and also with Schindler and 
Kutzelnigg's (da"/aAa) ,  = -7 ppm rad-'. 

The next step in calculating the isotope shifts in the water molecule is 
the calculation of (Ar) and ( h a ) .  Fowler and R a y n e ~ ~ ~  used the first method 
outlined in Section II.B.l. They obtained the oxygen and proton shielding 
for individual vibrational and rotational states, some of which are shown 
in Table 9. These shieldings for individual states cannot be measured 
experimentally because of the short lifetime of a molecule in a particular 
rovibrational state compared with the relatively long time scale of an NMR 
experiment. Thus all that can be obtained experimentally is an average 
value for a given temperature. The two methods described in Section I1 
were employed to obtain the thermal average. Method 1 is a straightforward 
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H 2 0  
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L H I O H ~ ~  104.5' 

Lblb' 106. 

(equili brium) 
LHlOH2. 104.5' 

L44.112' 

L bl bp ' tO7' 

H,-.. , - . .'., . @ 
I ".., 
\ \ , .. - 

FIG. 9. Charge density maps illustrating bond pair and lone pair "orbital following" in 
H 2 0  with change in bond angle. From reference 75, with permission. 
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TABLE 9 

Nuclear shielding cH and uo for the water isotopomers HZi7O and D,"O in low 
rovibrational states, in ppmJ6 

State H , I ~ O  ~ ~ 1 7 0  

v1 v2 v3 J 7 U H  U0 U0 

at re 

0 0 0 0 0  
0 0 0 1 - 1  
0 0 0 1 0  
0 0 0 1 1  
0 1 0 0 0  
0 2 0 0 0  
1 0 0 0 0  
0 0 1 0 0  
1 1 0 0 0  
0 1 1 0 0  

29.820 

29.276 
29.273 
29.276 
29.274 
29.052 
28.830 
28.923 
28.739 
28.742 
28.541 

325.56 

312.44 
312.41 
312.38 
312.37 
313.95 
315.25 
297.92 
297.82 
298.85 
299.12 

325.56 

316.12 
316.10 
316.08 
316.08 
317.34 
318.48 
305.83 
305.54 
306.72 
306.65 

average, thus 

(67) 
T - C V J T  (2J+ l)gNs(')vJT exp(-EvJ~/ k T )  (4 - 

C V J T  (2J+l)gm ex~(-&J,lkT) 
where EVJT stands for a particular rovibrational energy level and g,, is a 
factor which takes account of nuclear spin statistics. This method obviously 
requires the calculation of a very large number of energy levels (for example 
rotational levels are calculated as far as J = 2 5  and levels more than 
5000 cm-' above the zero point levels are excluded).76 

In practice equation (67)  is always a truncated summation over a finite 
number of rovibrational states. It is found that this sum does not converge 
very fast; the individual terms can even have alternating signs. In Table 10 
the thermal average shieldings of the oxygen and proton in the water 
molecule obtained with this method and with the coth function (as used in 
equation (11)) are compared. The results are nearly identical for tem- 
peratures normally accessible in NMR spectrometers. For larger molecules 
it becomes impossible to calculate a sufficient number of rovibrational states 
in order to use the exact method for the thermal averaging, so the only 
practical way of calculating expectation values of molecular properties over 
different rotational and vibrational states for a given temperature is by using 
the harmonic approximation for the vibrational partition function. 

The isotope effects on nuclear shielding in the water molecule are 
1 H ( 1 8 / 1 6 0 )  = -0.002 ppm (-0.012fO.004 for the oxygen-induced 
shift on the protons, and 170(2/1H, 2/1H) = -3.68 ppm (-3.08 f 0.20 ~ p r n ) ' ~  
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for the deuterium-induced shifts on the oxygen nucleus in D2170 compared 
to H,l7O (all at 300 K). The experimental values are given in parentheses. 
There are no gas phase data for comparison; both measurements were made 
on liquid phase samples in which hydrogen-bonding will almost certainly 
have somewhat different effects on different isotopomers. 

TABLE 10 

The thermal average shielding in water calculated using equation (67) and approximately using 
the coth function, equation (1 l).76 

~ ~ ~ ~ ~~ ~~ 

Proton shielding Oxygen shielding 
Temp. 

(K) exact approx. exact approx. 

0 
30 
60 

100 
150 
200 
250 
300 
350 
400 
450 
500 

o-H,I60 p-H,I60 

29.272 29.275 
29.272 29.275 
29.270 29.271 

29.267 
29.263 
29.258 
29.254 
29.250 
29.245 
29.240 
29.235 
29.230 

H2l60  

29.275 
29.213 
29.270 
29.267 
29.263 
29.258 
29.254 
29.250 
29.245 
29.241 
29.236 
29.231 

o - H , ” ~  p-~2170 

312.413 312.443 
312.394 312.409 
312.354 312.356 

3 12.296 
312.216 
312.139 
312.061 
311.983 
311.906 
311.830 
311.755 
311.681 

~ ~ 1 7 0  

312.443 
312.397 
312.351 
3 12.290 
312.214 
312.137 
312.061 
311.985 
311.910 
311.836 
31 1.763 
311.692 

The accurate calculation of isotope shifts in any property (bond length, 
nuclear shielding, etc.) is done by a difference approach, i.e. the property 
is calculated for both the reference molecule and the isotopically substituted 
molecule and the difference between them is obtained. This is the approach 
used in this review exclusively. Another approach is a direct one, in which 
isotopic substitution is considered as a perturbation of the reference 
molecule. The mass perturbation appears as a modification to the kinetic 
energy term in the vibration-rotation hamiltonian. The formulae for this 
double perturbation method have been derived by Fowler, and a more 
approximate version of the same approach is given by Mamayev and 
Sergeyev.” Fowler finds that (as expected) the mass perturbation approach 
works nearly as well as the difference approach when the fractional mass 
change is small (as for l60+ l80) but not so well (giving incorrect signs 
and magnitudes) when the fractional mass change is large (as for H -+ D). 
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B. Calculation of mean bond displacements and mean bond angle 
deformations 

In the following we describe applications of Bartell’s approach to different 
molecular types, starting with some molecules where the force field up to 
at least cubic terms is known, and then some model potentials for other 
polyatomic molecules. 

1 .  Triatomic molecules 

The best description of the potential energy surface for polyatomic 
molecules is for linear triatomics, especially one in which many isotopic 
species provide an abundance of spectroscopic observables from which a 
least-squares refinement technique gives an anharmonic force field which 
is the best fit to the data. Of the polyatomic molecules, COz and NNO 
probably have the most studied potential energy surface from the point of 
view of vibrational spectroscopy. The anharmonic force fields up to quintic 
and sextic terms have been obtained from the very large set of vibrational- 
rotational data belonging to ten isotopic species in the case of C02,80-83 
and eleven in the case of NN0.84-86 

The general force field in terms of the true curvilinear coordinates for 
the linear triatomic molecule is: 

v = K ,  1.s11’+ ~ 2 2 1 1 2 ’ +  ~ 3 3 1 1 3 ’ +  ~13111113 

+ K l l l . s I 1 3 +  K113x12R3+ K 1 3 3 ~ 1 2 3 2 +  K333R32 

+ K,221111122 + K22311zZH3 + higher order terms ( 6 8 )  

Here X i  denotes the displacement coordinate of the Y-X bond, R3 the 
displacement of the X-Z bond and X2 the bond angle deformation A a .  
Applying equation ( 1 3 )  by using the derivatives (14) we obtain 

(Ar)vib= -[1/(2~11+~13)1{(3K111 + K 1 1 3 ) ( ( A r ) 2 )  

+ 2K113(AriAr3)+ [K122 - ~ ~ / ~ ~ ~ 2 2 1 ~ ~ ~ ~ ~ ’ ~ 1  (69) 

for the mean bond displacement due to vibration in C 0 2  and two similar, 
but coupled equations for NN0.34 Owing to the symmetry of the molecules 
the mean bond angle deformation must be zero, whereas the mean square 
amplitude of ((ha)’) is nonzero. The rotational contribution which can be 
obtained in a closed form (Section II.B.2) has to be added. Table 1 1  shows 
some characteristic results obtained using a harmonic oscillator partition 
function (equation ( 1 1 ) ) .  The results for in C02 are in excellent 
agreement with recent electron diffraction data,87 and with an accurate 
calculation of (Ar) by Kohl and Hilderbrandt88 using variational methods. 
For example, at 300 K we find the vibrational contribution to 
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T A B L E  11 

Mean bond displacement due to anharmonic vibratio! and rotation in linear 
triatomic molecules, all in A?4 

( W L  (Ar)' 

'ici60* 250 K 4.4802 0.1718 4.6520 
300 K 4.5031 0.2062 4.7093 
350 K 4.5350 0.2405 4.7755 

1 5 ~ 1 5 ~ 1 6 0  

W N d T  250 K 4.9389 0.1425 5.0814 
300 K 4.9868 0.1710 5.1578 
350 K 5.0464 0.1995 5.2459 

W N d r  250 K 5.3217 0.2436 5.5652 
300 K 5.3556 0.2923 5.5479 
350 K 5.4044 0.3410 5.7453 

4. 

4. r 

FIG. 10. Mean bond displacements at 300 Kin C 0 2  and OCS, illustrating the primary effect 
( A ) ,  the secondary effect ( 8 )  and the additivity of the effects. From reference 90, with permission. 
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0.0045 and (Ar,-02)T = 0.0012, whereas Kohl and Hilderbrandt obtain 0.0040 
and 0.0012, respectively. 

In order to study the mass dependence of (Ar)T we performed the 
calculation for different isotopomers of a symmetric (CO,) and a non- 
symmetric (OCS)89 linear triatomic molecule.90 The results are shown in 
Fig. 10. 

For bent triatomic molecules ( A a ) # O ,  so we also have to include the 
mean bond angle deformations, leading to three coupled equations to be 
solved. Such calculations were performed for several bent triatomic 
 molecule^.'^ The results shown in Table 12 can be suinmarized as follows. 
As is generally found for other molecules, vibrational and rotational contri- 
butions to the mean bond displacements (Ar) are positive. As usual an 
increase in temperature leads to an increase in the mean bond displacements, 
and for X-H bonds this is dominated by rotational contributions because 
the higher vibrational frequencies for these molecules lead to a smaller 

TABLE 12 

Mean bond displacement and mean bond angle deformation at 300 K, isotope effects (A,,, = 
< A r ) ~ h , - < A r ) ~ ! & ,  or r<Au);Zo, , -  r < A u ) z , )  and temperature dependence (A, = 

<Ar>40"-<Ar>z", or r<Aa)400- r<Aa)'") for bent triatomic  molecule^.'^ 

( A 4  @ff)  

vib. rot. total vib. rot. total 

1.915 
1.391 
5.237 
0.085 

0.088 
0.087 
0.006 
5.846 

2.003 
1.478 
5.243 
5.93 1 

0.2 18 
0.21 1 
0.075 
0.083 

-0.215 
-0.201 
-0.141 
- 1 4.340 

0.003 
0.010 

-0.066 
-13.508 

(10-2 A)  
(10-2'4) 

A) 
A)  

(10-2'4) 
(10-2A) 

A) 
A) 

(10-2 A)  
(lo-2A) 
( 1 0 - 3  A) 

A)  

1.836 
1.318 
5.181 
0.309 

0.110 
0.110 
0.002 
7.364 

1.947 
1.428 
5.181 
7.673 

0.129 
0.126 
0.034 
0.249 

-0.067 
-0.057 
-0.104 
-4.505 

0.062 
0.069 

-0.070 
-4.256 

H2Se 
D2Se 
Aiso 
AT 

1.925 
1.373 
5.514 
0.553 

0.124 
0.124 
0.001 
8.272 

2.049 
1.497 
5.515 
8.825 

-0.183 
-0.101 
-0.826 

2.286 

-0.076 
-0.071 
-0.054 
-5.101 

-0.260 
-0.172 
-0.880 
-2.815 

0.471 
0.454 
0.171 
2.138 

0.046 
0.046 
0.001 
3.041 

0.516 
0.500 
0.172 
5.179 

0.283 
0.282 
0.015 
7.385 

-0.179 
-0.176 
-0.03 1 

-11.965 

0.104 
0.106 

-0.016 
-4.579 
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temperature dependence in the ( l / w )  coth( hcw/2kT)  terms appearing in 
the vibrational averaging. The rotational contribution, on the other hand, 
is linear with temperature. The magnitude of the isotope effect on the bond 
length at 300 K is dominated by vibratior in all cases. 

is of either sign, i.e. in some of the molecules the average bond angle is 
greater than the equilibrium value and in others it is smaller. In all cases, 
however, (ha)vib increases algebraically with increasing temperature, the 
changes with temperature being smaller for the hydrides owing to the greater 
vibrational frequencies. The rotational contribution to the mean bond angle 
deformation, is negative for all bent triatomics. These findings can 
be understood in terms of the predominant centrifugal stretching effects 
arising from the rotation about the principal axis parallel to the line connect- 
ing the two end atoms. The isotope effects on ( A a )  upon substitution of 
the end atoms have different signs, a result of the different mass dependence 
of the rotational and vibrational contributions. The change with mass of 

is of either sign but always such as to bring the mean bond angle 
closer to the equilibrium values as the masses of the end atoms increase. 

The vibrational contribution to the mean bond angle deformation, 

25 

20 20 

m 15 15 

10 10 

5 

0 
-1 0 1 2 -1 0 1 2 

10-2 d 10-2 It 

m 

-1 0 1 2 

10-2 It  A 
FIG. 11.  The mass dependence of r ( A a )  (shown as 0) and ( A r )  (shown as A) in bent 

triatomic molecules. The masses of the end atoms are varied arbitrarily while keeping the 
same force field. From reference 14, with permission. 
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On the other hand, the changes with masses of ( A C X ) ~ ~ ~  is always of the same 
sign, the bond angle increasing with increasing mass. Altogether the mass 
dependence of ( A r )  is stronger than that of ( A a )  in all cases. For example, 

shows the mass dependence of ( A r )  and ( A a )  for selected bent triatomic 
molecules. These calculations were carried out with arbitrarily assigned 
masses of 1-30 amu for the end atoms without changing the mass-indepen- 
dent constants in the force field. Figure 1 1  shows that even in bent triatomic 
molecules the ( A a )  term is not important for isotope shifts. 

[ ( A r x H ) - ( A r x ~ ) ] > >  r[(ACYHxH)-(hLYDxD)] by a factor Of 6 to 80. Figure 11 

2. The Urey- Bradley model force field approach 

A review by Duncan shows that uniquely determined general harmonic 
force fields (GHFF) are available for only selected moleculesg1 and the 
general anharmonic force field is known for even fewer molecules. In most 
cases it is necessary to assume certain model potential functions. It has 
been showng2 that a modified Urey-Bradley potential functiong3 gives a 
reasonably good description of molecular vibrations. The Urey-Bradley 
force field (UBFF) has found its greatest application in the calculation of 
vibration frequencies of halogenated molecules. The number of independent 
UB force constants is usually less than that of the GHFF and they show a 
remarkable degree of transferability. This means that it is possible to use 
exactly the same set of UB force constants for all halomethanes to be 
compared, for example, a feature which makes the UB approach especially 
suitable for application to isotope  effect^.^"^^'^^ The UB field is expressed asg5 

V = C  [Kf ri hr i+$Ki(Ari ) ’ ]+  [ H ;  r i  A a i j + t H . . ( r . .  U U Am-)’] U 
i i<j  

+ C [Fij qij Aqij+$Fij(Aqij)’I (70) 
i<j  

where r is the bond length, a the bond angle, q the distance between atoms 
not bonded directly, and rij represents (rirj)’”. K ’ ,  K ,  H ’ ,  H, F’,  F are the 
bond stretching, angle bending, and repulsive (between non-bonded atoms) 
force constants. The non-bonded distance coordinate Aqij can be expressed 
in terms of Ari, Arj and A a i j  (equation 7 in reference 33). 

To take into account the anharmonicity of vibration Bartellg6 suggested 
the following terms: 

V,= - $ C  a i K i ( A r i ) ’ + $ C  ( 1 / 6 q i j ) F i ( A q i j ) 3  (71) 
1 i j # i  

It seems reasonable to express the stretching part of V as a potential function 
similar to that of a diatomic molecule, so a Morse function (equation (34)) 
is used for the stretching anharm~nicity.’~ F i ,  the cubic force constant 
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appropriate to non-bonded interactions, can be obtained as follows: 

F3 = 4[a3 V(q)/dq31 (724  

(72b) 

(72c) 

V ( q )  = A exp( -Bq)  - Cq-6 

V( q )  = 4 ~ [  ( q0 /q ) l2  - ( qo/ q )6 ]  

for H-X interactions 

for X-Y interactions 

The parameters A, B, C, or E and qo are a ~ a i l a b l e . ~ ' . ~ ~  So far there is no 
sufficiently good model to describe the bending anharmonicity. Thus we 
neglect the I f 3  terms in equation (71) even if they could become important 
in certain cases like pyramidal molecules of C,, ~ymmetry. '~ 

In order to use Bartell's approach to calculate the mean bond displace- 
ments from a UB force field we need the additional derivatives of the 
non-bonded displacement coordinate Aqij with respect to the Cartesian 
displacement coordinates: 

where 8, is the Kronecker delta and sij is a geometry factor: 

Skj = ( r k  - 'j cos (Ykj)/ qkj  

0.0 
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Results for the mean bond displacement as a function of temperature for 
various isotopomers of carbonyl fluoride obtained from such  calculation^^^ 
are shown in Fig. 12. 

3. Estimation methods for mean bond displacements 

Although second derivative terms are not negligible in isotope shifts, for 
the purpose of obtaining estimates of isotope shifts we will consider only 
the term in the first derivative with respect to bond extension: 

u - u* = (du/dAr),[(Ar) -(Ar)*] (73) 
A method of estimating (Ar) which can be applied to an arbitrary bond 

to an end atom in a molecule would be very useful for predicting orders 
of magnitude of isotope shifts. This would allow one to determine a priori 
whether a particular isotopic substitution would be worthwhile to attempt 
for a given application. For the majority of molecules insufficient spectro- 
scopic information is available to permit full dynamic calculations, so it is 
necessary to develop an approximation method in order to estimate the 
mean bond displacements for these molecules. It appears that stretching 
cubic constants for polyatomic molecules can be deduced from the bond 
length in the same way as for diatomic molecules. The Herschbach and 
Laurie parameters used for such estimation for diatomic molecules (Section 
III.B.3) are found to describe F3 for polyatomic molecules as 
Therefore we can use equation (59) to predict mean bond displacements 
in polyatomic molecules if the Morse anharmonic stretching accounts for 
most of the mean bond d i~p lacemen t .~~  

In Fig. 13 the plots of p-1’210-D us. (Ar)vib calculated for selected 
polyatomic molecules are compared with the results for some diatomic 
molecules.58 A least-squares fit gives a slope of 22x rather than the 
19.35 x factor containing the fundamental constants in equation (59). 
The slope for the polyatomic molecules is somewhat larger because the 
other contributions due to bending and non-bonded interactions can be 
significant. Bartell has shown that, for molecules of the AX,, type, the Morse 
stretching contribution to (Ar) is only 64% in CH4Y and only about 40% 
in SF6.*” However, equation (59) with a modified factor of 22 x for 
polyatomics gives a satisfactory estimate of (Ar) from re. Therefore we shall 
use 

(Ar)vib/A z 2 2  X 10-3p-”210-D (74) 
where D is given by equation (60). 

alone for an AX,, molecule:99 
The rotational contribution to (Ar) is likewise easily estimated from re 

( W r o t  = 2Er0t/(nF2re) (75) 



44 CYNTHIA J. JAMESON AND H. JORG OSTEN 
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C. The reduced isotope shift in polyatomic molecules 

From dynamical calculations for different molecular types of different 
s y m m e t r i e ~ ~ ~ - ~ ~ , ' ~  we find in general (for any molecular type and any 

FIG. 13. Test of approximation in equation (47) (straight line, slope = 19.35 x against 
calculated mean bond displacements for diatomic molecules. The same method is applied to 
polyatomic molecules; the straight line is a least-squares fit to the data (slope = 22 x 
From reference 58, with permission. 

where &,, is the classical average, kT for linear molecules, and (3/2)kT 
for non-linear ones, and F2 is expressed according to equation (58). 
However, we do not even need for estimating most isotope shifts. 
For bent triatomic molecules we already have seen that rotation does not 
play a significant role in the isotope shifts of the central atom upon end 
atom substitution. We have shown (Section I1I.A) that for diatomic 
molecules there is no rotational contribution to the isotope shift and for 
symmetrical substitution in molecular types CH4, BF3, SF6, C 0 2  there is 
also no rotational contribution to the isotope shift (Section II.B.2). We will 
see in Section 1V.D that, even in unsymmetrical substitution in CHI 
isotopomers, the rotational contribution plays no role in the D-induced I3C 
isotope shift. For the isotope shift of the end atom the rotational contribution 
is also not too important. For example, the dynamical factor relevant to 
2A'H(2/1H) in CH4-CH3D is -2.687 x 8, from rotation and 5.53 x 
loe3 A from vibration, only 5% contribution from rotation. For 1A1H(17/'60) 
in H2'60-H2170 the dynamical factor is -4.176 x 8, from rotation and 
3.102 x lo-' 8, from vibration. onlv 1.4% rotational contribution. 
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substitution site) that the change in the mean bond displacement upon 
isotopic substitution can be expressed as follows: 

in ' -m 
rnl A=(Ar)-(Ar)* =(Ar)- f ( m ,  . *) (76) 

The consequences of equation (76) for one-bond isotope shifts in NMR 
are clear if equation (73) holds (i.e. including only linear terms in the 
expansion of nuclear shielding in bond displacements). Comparing several 
isotopic species which differ in one mass m', from the parent species with 
mass m, we should get a constant value for the ratio ((Ar) - (Ar)*)/[(Ar) x 
( m ' - m ) / m ' ] .  Furthermore, if the isotope shift can be approximated by 
equation (73), we should find (a- a*) /[ (m' -  m ) / m ' ]  =constant. An excel- 
lent test of this is provided by the "'I"Se-induced 77Se isotope shifts in 
diselenides. Gombler"' measured the isotope shifts in R177SeSeR2 (R,, R2 = 

CF,, CH3) for rn = 74, m'= 76, 77, 78, 80, 82 plotted in Fig. 14. Indeed we 
find a strictly linear behaviour of the isotope shifts 1A77Se(""74Se) us. 
( m ' -  m ) / m '  (for m = 74) for all four molecules?' This seems to indicate 
that either the interpretation of isotope shifts using equation (73) is sufficient, 
or all of the dynamic variables ((Ar)2), ( ( A a ) * ) ,  etc.) on which the shielding 

Hz 
-6 

-5 

- 4  

-3 

-2 

m'- m 
m' 

FIG. 14. Effect of selenium isotopes on the 77Se nuclear shielding in the diselenides 
R, 77Se "'Se R,. (a) R, = R, = CH,; (b) R, = R, = CF,; (c) R, = CF,, R, = CH,; fd) R, = CH,, 
R, = CF,; from experimental results by Gombler."" This plot of 1A77Se("''74Se) = 

a(R,  77Se74Se R,) - a(R,  77Se "'Se R,) us (m'-74)/m' illustrates the validity of equation (76). 
From reference 90, with permission. 
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depends are scaled by ( m ' -  m ) /  m' upon isotopic substitution. In fact we 
have found"* in bent triatomic molecules that ( (ha)* ) ,  for example, does 
not scale by ( m l -  m ) / m ' .  

By comparing the mean bond lengths of various isotopomers of several 
molecular types, we have found" a functional form 

mA f ( m ,  M A , .  . .)=-- 
2 m A S m  

that can reproduce the primary effect of isotopic substitution on the mean 
bond displacement for substitution at end atoms: 

m ' - m  1 mA 
A = (Ar) - (Ar)* = (Ar)- - - ~ 

m 2 m A i - m  

that is, the same form as we had derived (equation (51)) for diatomic 
molecules. Thus, for a single substitution of m by m': 

On this basis we can use the same definition for the reduced isotope shift 
as for diatomic molecules, equation (54), which in this approximation can 
be identified with 

and for 300 K, for a symmetrical AX, molecule, 

[uoA(300 K) - ue] = nlAR(A, X) (79)  

Thus we can obtain directly from experimental isotope shifts the same 
[ ~ ~ ( 3 0 0 )  - a,] that normally have been obtained from fitting the experi- 
mental [ao(T) - ao(300)] function to dynamical calculations of ((Ar)T- 
(Ar)300).103 Note that equation (79)  is an approximation because, unlike 
equation (55) for diatomics, not all the quadratic terms which contribute 
to the rovibrational corrections to shielding in polyatomic molecules are 
include& 

In Table 13 we present some experimental isotope shifts and the derived 
rovibrational corrections to the shielding in selected molecules. For CH4, 
dynamical calculations including secondary vibrational effects on mean 
bond displa~ements,3~ yield for the rovibrational correction to the I3C- 
shielding -2.985 ppm, to be compared to an estimate of -3.3 ppm. For 19F 
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TABLE 13 

The rovibrational correction to shielding, in ppm, and estimates of the derivatives (au/aAr),, in 
ppm A-', directly obtained from reduced isotope shifts (see references 14 and 58). 

Nucl. Mol. m'/ m - I A  - ~ A R  [4300)  -me] (da/dAr),,, 

2D 
IIB 
l3c 

I5N 

1 7 0  

I9F 

"Mn 
31P 

9 5 ~ ~  

991c 
195pt  

1 7 0  

I5N 

77Se 

HD 
BH,- 
CH4 
CN- 
co 
co2 
cs2 
NH,+ 
NO,- 
CN- 

co 
H F  

Mn0,- 
M o 0 2 -  
Tc0,- 

PtBr2- 

NZ 

Po;- 

hC1,Z- 

H*O 
NH3 

PH3 
PCI, 
PBr, 
H2Se 

NOz- 

(a) Highly symmetric molecules ( ( A a )  = 0) 
0.0469 
0.138 
0.192 

0.03 * 0.005 
0.0476 * 0.0016 

0.019 
0.009 
0.307 
0.056 

0.075 * 0.005 
0.0601 * 0.002 
0.1 10 * 0.01 1 

2.5 * 0.5 
0.019 * 0.002 
0.59 * 0.02 

0.44 * 0.06 
0.167 

0.028 i 0.006 

0.25 *0.01 

0.2814 
0.6 
0.82 
1.87 
1.91 
0.76 
1.06 
1.32 
2.16 
3.51 
3.49 
4.88 

10.5 
0.52 

13.7 
5.26 
9.2 
7.3 
3.18 

(b) Bent molecules ( (Am) # 0) 
2/1H 1.54 6.52 
2/1H 0.65 2.77 

0.138 5.13 
2/1H 0.843 3.48 
37/35c1 0.019 1.5 
8 1 / 7 9 ~ ~  0.006 1.72 
2/1H 7.02 28.4 

18/160 

-0.2814 -11.5 
-2.4 -26.7 
-3.3 -39 
- 1.87 -380 
-1.91 -470 
-1.53 -160 
-2.12 -220 
-5.26 -65 
-6.5 -410 
-3.5 -700 
-3.49 -900 
-4.88 -1190 

-10.5 -675 
-2.1 -120 

-55 -2490 
-2 1 -1400 
-31 -2030 
-43.8 -2530 
-19 -1470 

-13.0 -340 
-8.3 -140 

-10.3 -990 
-10.4 -200 

-4.5 -310 
-5.2 -370 

-56.9 -1540 

in HF, calculations lead to -9.58ppm (this work) shown in Table 4, 
-9.75 ppm,lo4 and -11.23 ~ p m , ~ ~  to be compared with -10.5 ppm from 
equation (79). 

Another useful application of the reduced isotope shift is in the estimation 
of a derivative of nuclear shielding from a measured one-bond isotope shift 
with no other information other than a bond length. We use our empirical 
method of estimating  AT)"^,, for cases where it is not possible to perform 
a full dynamical calculation. We can apply this method to the estimation 
of the shielding derivatives from reported one-bond isotope shifts using 

(aaA/aAr)e 'AR(& x ) / ( A r A X ) v i b  (80) 
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Estimates of shielding derivatives using this equation are shown in Table 
13. No other information except the bond length was used to obtain these 
derivatives. It is encouraging that they compare reasonably well with results 
from ab initio and other methods which require much more elaborate 
experiments or computations. Comparisons with other values are discussed 
in Section 1V.F. 

So far we have limited the discussion to molecules with vanishing mean 
bond angle deformations. We have shown in Section IV.B.l that, for several 
bent triatomic molecules, the substitution of another isotope on an end 
position does not change ( A a )  significantly compared to the change in ( A r ) .  
The same holds for other bent  molecule^.'^ Fowler71 has shown that the 
(Aa) terms do not contribute significantly to the isotope shift in H 2 0 .  The 
isotope shift is dominated in all cases by changes in the mean bond 
displacements rather than the changes in the mean bond angle deformations. 
This means that we can apply the same definition for a reduced isotope 
shift as a first order approximation for these molecules too. Table 13 includes 
some rovibrational corrections for bent molecules calculated in this way. 
For I7O in H 2 0  Fowler et al. calculate -13.576,76 to be compared with our 
estimate of -13.0. The agreement of our estimate with ab initio shielding 
calculations is encouraging. 

If the substitution takes place at a non-end atom, we can no longer treat 
the isotope effect on the bond length like that in a diatomic molecule, 
because of the complex character of molecular vibrations. For non-end 
substitutions all contributions to A ( A r )  coming from bending vibrations, 
for example, are no longer negligible. The change of the mass of one non-end 
atom has an influence on all bonds connected to this atom, and we find 
the effect on ( A r )  of an individual bond is always smaller than predicted 
by equation (51).’02 Nevertheless, for halogen-substituted methanes we can 
reproduce the effect of l3’I2C substitution on all bonds by a simple formula, 
modifying equation (51) only by an additional factor m / ( m + f m , ) .  

Equation (76) has another consequence: it allows us to correlate the 
dynamic factor [ ( A r )  - ( A r ) * ]  with mean bond displacement in polyatomic 
molecules. By applying equation (74) or by doing the dynamical calculations 
for the same bond type, e.g. C-F,94 we find that ( A r )  increases with increasing 
bond length. Thus, the dynamic factor alone would lead to an opposite 
correlation between isotope shifts and bond length from that which is 
observed (e.g. see Fig. 2). The observations can only be expected if the 
magnitude of the electronic factor increases with decreasing bond length. 

D. The additivity of NMR isotope shifts 

One of the theoretically interesting and practically useful aspects of the 
isotope effect on NMR chemical shifts is the proportionality of the shift to 
the number of substituted atoms in equivalent positions. The practical 
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consequence of this is a spectrum with equally spaced peaks, the intensities 
giving an indication of the relative amounts of each isotopomer in the 
sample (Fig. 1 ) .  For example, the one-bond '"H-induced isotope shift in 
the I3C spectrum of CH,D4-,, isotopomers results in incremental isotope 
shifts as n goes from 0 to 4 . I o 5  There are similar observations in other 
systems such as in NH4-nD,,+,'07 BH4-,D,-,108 NH3-,D,,'09 
PH3-,D,,.'Io Nor is this observation limited to one-bond isotope shifts. For 
example, the 59C0 spectrum of Co(en),Cl, in H20 /Dz0  solution shows 13 
equally spaced peaks separated by 5.2 ppm, the peaks corresponding to all 
members of the isotopic homologous series in which the 12 exchangeable 
hydrogen atoms per molecule of the cobalt complex are replaced by 
deuterium atoms."' This additivity of the isotope effect on the chemical 
shift upon substitution in equivalent locations appears to be without excep- 
tion, and the deviations from additivity usually appear to be small and have 
been noticed outside of experimental error only in isolated cases. There are 
some indications of additivity of mass effects in other forms of molecular 
spectroscopy. The sum of the squares of the vibrational frequencies of 
members of an isotopic homologous series is linearly related to the number 
of isotopes substituted, and this relation is valid for symmetry types which 
are common to all members of the series."' The sum of vibrational frequen- 
cies in CH4-,D, is found empirically to depend on the number ( n )  of the 
substitutions by the heavy isotope, i.e. the zero-point energies of these 
molecules are linearly related to n.'I3 

In Section IV.B.l we have shown the mass effects on average nuclear 
positions in linear triatomic molecules. In the following we examine the 
origin of the observed additivity of the NMR isotope shift, determine if 
any systematic deviations from additivity can be expected, and how large 
they may be. An interesting molecule from the point of view of discussing 
the additivity of NMR isotope shifts is the methane molecule. The anhar- 
monic force field of methane has recently been refined'I4 to fit spectroscopic 
data from the isotopic species "CH4, I3CH4, "CD4, "CH3D, "CHD3, and 

CH2D2. Six of the 13 cubic force constants are determined experimentally 
and the remaining cubic force constants are fixed at values derived from 
ab initio cal~ulations."~ We have calculated the mean bond displacements 
in the methane family CX,-,Y, (X, Y = H, D, T), with the method described 
in detail el~ewhere, ,~ and find that the substitution effects on the vibrational 
contribution to mean bond displacements are strictly additive. Each substitu- 
tion of a hydrogen by a deuterium shortens the appropriate bond by nearly 
the same amount A. The mean bond displacements in "CH4-,T, and 

CD,-,T, exhibit the same strictly linear dependence on n.35*90 We can 
express (ATCH) and (Arc,) in '2CH4-,D, as follows. Let 

d = (Ar& in CH4 at 300 K 

d - A  = (Arc,,) in CD, at 300 K 

12 

12 
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where d = 2.0881 x lop2 A and A = 5.5345 x A. We find 

(ArcD) = d - A +  SD( n) 

(Arc”)= d+SH(n)  

Similar relations can be found for the other series of i so toporne r~ .~~  That 
is, for a given bond, substitution of an isotope involved in this bond had 
an effect A on its own mean bond length (a primary effect on the mean 
bond displacement); each substitution of an isotope at some other bonds 
has a much smaller effect S (a secondary effect). 

The rotational contribution (centrifugal stretching) to the mean bond 
displacement was calculated and is illustrated in Fig. 15 where the sum of 
all four (ArJrot is shown to be invariant to n:” 

(4- n)(ArCH)rot+ n(ArCD)rot=4drot (82) 
where d,,, = 5.2 x A. The invariance gf the centrifugal distortion to 
isotopic substitution which preserves Td symmetry is pointed out in Section 
II.B.2. Here we find that, although there is a rotational effect on each bond, 

0 1 2 3 4 0  
4 3 2 1 0 H  

FIG. 15. The rotational contribution to mean bond displacement in the methanes. From 
reference 90, with permission. 
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the sum is also invariant, so the centrifugal distortion does not contribute 
to the isotope shift of the central nucleus. 

The vibrational contribution to the isotope shift depends on 

(ATi),ib= ( 4 - n ) ( A T c ~ ) v i b + n ( A r c ~ ) v i b  
1 

=4d  - nA+6(n)  (83) 

which is nearly linear with n, since 6 ( n )  -K A. The 2/1H-induced I3C NMR 
isotope shift between any two isotopomers of CH,-,,D, can then be 
expressed, following equation (73), as 

aC(CH4-,D,,) -aC(CH,-,.D,,p) = (aac/aAr),[(n'- n ) A + 6 ( n )  - 6 ( n ' ) ]  

= (aac/aAr),( n ' -  n)A (84) 

Equation (84) is the basis for the near additivity of isotope shifts due to 
substitution at equivalent sites. If we leave out the term [ 6( n')  - 6( n ) ]  which 
is two orders of magnitude smaller than A, we have strict additivity: the 
magnitude of the shift is proportional to the number ( n ' -  n )  of atoms which 
have been substituted by isotopes. 

To test the general validity of the findings in the methanes we briefly 
return to the linear triatomic molecules. Figure 10 shows the results for 
single substitution in different isotopomers of C 0 2  and OCS,34 but the 
conclusions which follow are based on calculations for all possible 

find that substitution of a heavier isotope provides a drastic shortening of 
the average length of the bond directly attached to this isotope by a constant 
A, and as a secondary effect it shortens the other bond by a constant 6, 
where A >> 6. We also find an empirical general additivity rule which is valid 
for all triatomics: 

(Ar("'Y A "'X)),,-(Ar("Y A "X)),, 

9 S. As shown in Fig. 10 we isotopomers using 18/17/160 13/12c and 34/33/32 

= [(Ar("'Y A "X)),,-(Ar("Y A "X)),,] (85) 

+ [ (Ar( " Y A "'X)),, - (A r( " Y A " X)),,] 

where 

i[(ArAY)+(ArAX)l 

Thus, if we include only linear terms, for the shielding of the central atom 
in the linear triatomics, 

(a)=a,+ - 2(Ar),, 
(a:) , 

The additivity of the isotope shift for the central atom which follows from 
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equations (85) and (86 )  may be written in the usual notation, for I3C in 
OCS, for example: 

(87) l~ I3c ( l8 /16~ ,  34/32s) = 1~13~(18/160) + 1 ~ 1 3 ~ ( 3 4 / 3 2 s )  

Once again, additivity of isotope shifts is predicted on the basis of additivity 
of mass effects on ( A r ) .  

Although the secondary isotope effects on the mean bond displacements 
are small, the term [ S (  n ' )  - S (  n ) ]  in equation (84) provides a theoretical 
basis for deviations from strict additivity of isotope shifts. If we include 
these small terms in calculating the isotope shifts for the methane family 
we find a deviation from additivity in the ratio 0: 3 : 4: 3 : 0 for n = 0 to 4.90 
The isotope effects on the I3C shifts in CH4-,D, have been rneasured,lo5 
but the associated errors are not small enough to enable one to see these 
systematic deviations from additivity. On the other hand, excellent measure- 
ments have been carried for the I4N shifts in the ammonium ion, 

NH4-,D,+, with a precision of *0.001 ppm.Io7 Deviations are found from 
the strict additivity of -0.014 ppm, -0.020 ppm, -0.014 ppm respectively 
for n = 1, 2, 3 which are in a ratio of 0 : 2.8 : 4: 2.8 : 0. Another example is 
the isotope shift of the 'I9Sn nucleus in the Sn(CH3)4-,(CD3), system. 
This system shows deviations from additivity in the same direction as those 
found for NH4-,D,+, although the ratios are not 0 : 3 : 4:  3 : 0 exactly. Only 
if we can consider the CD3 and CH3 groups as point masses can the 
centrifugal stretching contribution be neglected, as in CH4-, D,. It should 
be noted that the ratio 0 : 3 : 4:  3 : 0 is strictly parallel to the results ~ b t a i n e d " ~  
for deviations from additivity in zero-point energies in methanes using a 
model which treats the four bonds in CH4-,D, as four coupled oscillators. 
The deviation from linear behaviour of the zero-point energy us. n plot 
comes from the term in the energy which corresponds to the mutual motion 
of two atoms in different oscillators from their equilibrium position. In our 
case the deviations from additivity come from the small secondary effects 
S on the mean bond displacements, which are again a result of the coupled 
atomic motions in molecular vibrations. 

14 

116 

E. Contributions from bond angle changes and higher order derivatives of 
the shielding surface 

So far we have truncated equation ( 5 )  after the linear term in order to 
calculate or estimate isotope effects on nuclear shielding in polyatomic 
molecules. It is shown in Table 6 that this assumption is not unreasonable 
for many diatomics. The terms connected with higher order derivatives of 
the shielding surface contribute significantly less to the isotope shift than 
the linear ones. In some cases, however, the neglect of the second derivative 
term leads to significant error. 
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TABLE 14 

Individual contributions to the isotope shift in the water molecule, in ppm?' 

1 A i 7 0 (  2/ 1 H ,  2/ 1 H) Term in equation (5) 1 A ~ H (  18/ 1 6 0 )  

-2.57 -0.0021, -0.0003' 
-0.01 +0.0003 

+0.45 -0.0001 
-1.31 +0.0010, -0.0002' 

Total" -3.68 -0.00017 
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Including also third and fourth derivatives of shielding. 
' The same bond and other bond contributions, respectively. 

In Table 14 we show Fowler's3* results for the H,O molecule, indicating 
the relative contributions of terms involving the first and second derivatives 
of nuclear shielding. Although the observed 1 7 0  isotope shift is only 
-3.08 ppm, the relative values of the calculated contributions to the total 
ab initio value of -3.68 ppm should indicate the relative importance of the 
various terms. We see that the largest contribution does indeed come from 
the term (da/dAr),A(Ar).  There is, however, an important quadratic contri- 
bution (d2a/dAr2),A((Ar)z). There is a smaller but non-negligible term in 
( ~ ' ~ / ~ A c Y ~ ) , A ( ( A c Y ) ~ )  and the remainder is due to 3rd and 4th derivatives 
of 1 7 0  shielding. 

For 'H isotope shifts, the terms involving the bond angle are even less 
important. For 'H isotope shifts, the term involving the primary derivative 
(daHa/dAroH,), gives the largest contribution, as might be expected. 

There are several important conclusions from these results. (a) Neglecting 
the higher order contribution leads to an underestimation of the total isotope 
effect. (b) On the other hand, it becomes more clear from these findings 
that the isotope effects involving the bond angles are extremely small. They 
do not contribute significantly to the isotope shift (less than 1% for H 2 0 ) .  
This justifies using the same definition of a reduced isotope shift even for 
molecules with non-vanishing (ha). (c) Notice also that the contribution 
due to the harmonic bond angle changes which are associated with the 
derivative (d2a/dAa2); can have an opposite sign to the term in (Ar) and 
in (Ar'). 

If a change in the bond angle away from the equilibrium configuration 
weakens the bond (as in a linear triatomic molecule like OCO or a bent 
triatomic molecule like HOH) then a trace on the shielding surface along 
the A a  coordinate, such as that shown in Fig. 8(a), will have a minimum 
close to the equilibrium bond angle. This trace will be a function which is 
concave upward, i.e. increased shielding of the nucleus at the vertex of the 
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angle accompanies the opening of the bond angle as well as the closing of 
the bond angle. Such a shielding surface will therefore have (a2a /aAa2) ,>  0, 
giving a positive contribution to the isotope shift since (Aa'), like (Ar) or 
((Ar)'), is greater for the isotopomer with lighter end atoms. The term 
( a ' a / a A ~ ~ ~ ) , h ( h a ~ )  is especially important in linear molecules with low 
frequency bending vibrational modes. For acetylene, for example, a '/'H- 
induced effect on the 13C shift over one bond is -0.223 ppm whereas the 
effect over two bonds is larger (-0.438 pprn).Il8 The observed small 
A C('/'H) is probably due to the partial cancellation of the negative linear 

and quadratic terms in A r  by the positive ( a 2 ~ / a A a 2 ) , A ( A a 2 )  term. Of 
course we cannot rule out a 7~ contribution to the secondary derivative 

There is very little else known about (du /dAa) ,  or (a2u/aAa2) , .  The 
observed negative sign, additivity, and dependence on (m' - m)/ m', even 
for isotope shifts in apex nuclei in bent systems, support the assumption 
of neglect of bond angle deformation contribution to the isotope shifts. The 
same assumption cannot always be made in the interpretation of the tem- 
perature dependence in the zero-pressure limit. It has been suggested that 
the unusual temperature dependence of 15N in NH, and 31P in PH3 is due 
to contributions of bond angle deformations to the temperature dependence 
of nuclear ~hie1ding.l~ Unfortunately it has not been possible to obtain a 
quantitative simultaneous fit to the isotope shift and the temperature depen- 
dent chemical shift in the case of PH3. 

In Fig. 16 we compare several calculated '3/12C-induced isotope shifts 
on I9F shielding with experimental values for a series of halomethanes." 
The isotope effects are calculated only from the linear term in equation (9, 
but this time the derivatives (da/dArCF), are obtained from fitting the 
experimentally measured temperature dependence of the nuclear shielding 
at the zero-pressure limit to a f ~ n c t i o n ' ~ ~ " ~ ~ ~  

1 13 

(ducl/aArc*H)e. 

We can see that there is a systematic trend in the deviation of the calculated 
values from the experimental isotope shifts. When one or two heavier nuclei 
like C1 are attached to the carbon the calculated isotope shifts are in good 
agreement with experiment whereas hydrogens lead to underestimation (as 
expected). The higher the percentage of rotational contributions to the 
temperature dependence of (Ar), the more accurate the empirical (da/dAr) ,  
which results from fitting ao(T) - ~ ~ ( 3 0 0  K) data since the rotational term 
linearly dependent on temperature dominates the observed ao(T). For CH3F 
65% of the temperature dependence of (Ar) is due to rotation," so we 
expect to get a reasonably good empirical estimate of (ao/aAr), .  For the 
others the rotational contribution to the temperature coefficient of (Ar) 
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Experimental 

FIG. 16. Comparison of calculated (using equation (73)) and experimental 13C-induced 
''F isotope shifts. From reference 11, with permission. 

decreases with increasing masses of the other atoms attached to the carbon, 
down to only 10% rotation for CFC13. 

Including the quadratic term in equation (88), we have 

ao(T) - a0(300) = (da/aAr)e[(Ar)T-(Ar)300] 

+ ;(a2a/aAr2),[( ( Ar)2)T - (( Ar)2)3001 (89) 

In polyatomic molecules there are of course many more quadratic terms 
than this. For the purpose of estimating the discrepancies between experi- 
mental and calculated isotope shifts in Fig. 16 let us consider only the term 
in ((AT)'). Furthermore, we will use the diatomic molecule approximation 
for the relationship between (Ar) and ((Ar)2) (equation (47)). Then 

ao(T) - a0(300) = {(aa/aAr),+ (1/3a)( 1 - f T ) ( d 2 ~ / ~ A r 2 ) e }  

x {(Ar)T-(Ar)300} (90) 

wheref, is that fraction of the total temperature dependence [(Ar)T - (Ar)300] 
which is due to rotation. Thus the empirical derivatives (aa/aAr)e,e,p 
obtained from fitting [ao(T) - a0(300)] will be 

(aa/aAr)e,ernp= {(aa/aAr)e+ (1/3a)(l  -fT)(a2a/aAr2)e} (91) 

When the rotational contribution to [(Ar)T-(Ar)300] is sizeable (i.e.f,Z 0.3), 
then (da/aAr),,,,, should be very close to (aa/aAr), ,  because a is typically 
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around 2 A-’ and the second derivative is of the same order of magnitude 
as the first derivative, so the neglected terms are about a factor of (1 -fT)/6 
smaller than (da/dAr),. For much smaller rotational contributions the 
magnitude of the empirical first derivative is overestimated. In account- 
ing for the 13C-induced 19F isotope shift using only the linear term in 
equation (5), we should expect to get values that are too small, since the 
(d2a/dAr2)[((Ar)2) - ((Ar)2)*] terms have not been included. When using 
the empirical derivatives from the temperature-dependent shielding to calcu- 
late the isotope shift, we underestimate the magnitude of the isotope shift 
by an amount 

where f,,, is the fraction of [(Ar) - (Ar)*] that is due to rotation. In diatomic 
molecules A,, is identically zero, and in polyatomic molecules it is typically 
less than 0.01. The different magnitudes of fT lead to the systematic devi- 
ations observed in Fig. 16. For the CH,F4-, series the discrepancies between 
the calculated and experimental isotope shifts correlate with fT values 0.3 1 
to 0.65,” indicating a more or less constant value for (d20/dArZ),. On the 
other hand, in the CF4-,C1, series, in which fT ranges from 0.10 to 0.18y 
the agreements between calculated and observed values are within experi- 
mental errors. This indicates that, for molecules with smaller rotational 
contribution to the temperature dependence (fT<< 0.2), the overestimation 
of (da/dAr)e,e,,,,, partially compensates the error associated with the neglect 
of quadratic and higher order derivatives in the shielding expansion. Where 
the empirical first derivatives are closest to the true values the calculated 
isotope shifts are underestimated. 

F. Estimation of one-bond isotope shifts for end atom substitution 

In this section we discuss the general magnitudes of observed one-bond 
isotope shifts and provide estimates of others. We have shown that it is 
possible to estimate the isotope effect on the mean bond displacement in 
the case of end atom substitution so that we can obtain a value within 10% 
of the value one would obtain from a full dynamical calculation using an 
anharmonic force field. We have also shown that, except for ‘H or 7Li, the 
term (da/dAr)eA(Ar) gives 70438% of the total calculated isotope shift in 
diatomic molecules and 70% of the calculated 170 isotope shift in H20.  
With empirical shielding derivatives we can obtain around 75% of the 
observed 13C-induced I9F isotope shift in fluoromethanes with this term 
only.”*94 Therefore it should be possible to estimate a one-bond isotope 
shift not previously measured, by using only the (da/dAr),A(Ar) term in 
the shielding. When isotope shifts are used in applica,tions where a special 
synthesis is necessary in order to “tag” the molecule of interest, it would 



ISOTOPE EFFECTS ON NUCLEAR SHIELDING 57 

be very useful to know a priori if the expected isotope shift is observable 
under experimental conditions. An order of magnitude estimate is easily 
within reach when the particular observed nucleus-substituted atom pair 
has previously been observed in any compound. In such a case the correla- 
tions which are shown in Fig. 2, and further discussed below, can narrow 
down the estimate easily to within 20% uncertainty. When the isotope shift 
for a particular observed nucleus-substituted atom pair has not been pre- 
viously observed, it would be very useful to have an order of magnitude 
estimate in order to know whether the observation of the isotope shift is 
feasible, given that an NMR spectroscopist can generally predict linewidths 
to be expected under experimental conditions. Therefore we show here a 
method of estimation for one-bond isotope shifts proposed earlier.' l9 Let 
us do this in parts. We wish to show how to estimate a one-bond isotope 
shift in the following situations: 

(A) If an isotope shift has been previously observed for the same nucleus 
in an analogous compound, e.g. 1A31P(34/32S) from 'A31P( 18/160). 

(B) If an isotope shift has been observed in an analogous compound for 
a different nucleus belonging in the same column of the periodic table as 
the desired one, e.g. 1A31P(m'/mX) from 1A15N(m'/mX). 

(C) If no previously measured isotope shifts in analogues are known, 
and in the most general sense for an arbitrary previously unobserved 
nucleus-substituted atom pair. 

We have shown that to a first approximation the one-bond isotope shift 
can be expressed by equation (77). In this expression the experimentally 
observed isotope shift consists of the product of two factors. The electronic 
factor reflects the sensitivity of nuclear shielding to bond extension and the 
dynamic factor reflects the average change in the molecular geometry on 
isotopic substitution. Let us first consider the dynamic factor. There are 
practical implications of equation (77) for measurements of isotope shifts. 
Quite apart from the advantage of a large chemical shift range for heavier 
nuclei, the mass dependence alone favours the observation of the chemical 
shift of a heavy nucleus upon substitution of a light neighbouring atom 
with an isotope. The most favourable case is the 3/'H-induced shift of a 
heavy nucleus. The largest experimentally observed one-bond isotope effect 
so far is the "'H-induced effect on the 77Se shielding, -7.02 ppm per D in 
H2Se.4 In addition to the favourable fractional mass changes in the factor 
( m ' - m ) / m ' ,  the factor m,(m,,+m) is close to 1.0. It would be wise to 
calculate the mass factors prior to attempting an isotope shift measurement. 
For example, in the Se-C bond the 13/12C-induced 77Se shift is easily 
observable, whereas the 80/77Se-induced 13C shift is not. A shift of 
A Se(13/'2C) = -0.683 ppm is observed in NCSe-, whereas no shift due to 

the Se isotopes in the 13C spectrum has been found.58 The mass factor 
f . ( m ' -  m ) /  m' * m A / ( m A +  m )  is equal to 0.033 in the first case and 0.003 

1 77 



5 8  CYNTHIA J. JAMESON AND H. JORG OSTEN 

in the second. For a mass factor greater than 0.01 it should be feasible to 
observe any one-bond isotope effect on nuclear shielding with a medium- 
field high resolution spectrometer when linewidths are favourable. We also 
introduce the reduced one-bond shift equation ( 54)58,1’9 as a means of 
removing most of the dependence of the measured isotope shifts on the 
masses. Thus ‘AR for 31P in PH3 can be directly compared to 31P in PO:- 
or to ”N in NH4+. The range of values of ‘AR for a given observed nucleus 
therefore reflects the variation of (au/aAr),(Ar) with nuclear environment. 
We have already shown that (Ar) is 15-20 x A for hydrides and 4-7 x 

A for most other bonds, and that it is possible to estimate (Ar) involving 
an end atom by knowing only the bond length, the masses and the rows of 
the periodic table of the pair of atoms. 

Case (A) is therefore easily handled with the appropriate mass factors. 
The one-bond isotope shift ’A31P(e1/79Br) in PBr, can be estimated as follows. 
From 1A31P(37/35C1) in PC13, which is -0.019 ppm,’” we calculate the 
reduced isotope shift (equation (54)) which is - 1 S O  ppm, approximately 
identified with (~u/~Arpcl)e(Arpc,). At this point we can make a rough 
estimate and simply assume that 

(Arpci) (Armr) and (au/aArpcde (au/aArpBr)e 

In other words, we are estimating ‘AR( P, Br) = ’AR( P, C1) from which we 
then calculate the desired isotope shift as -0.005 ppm’. This shift has been 
reported as -0.006 ppm.12’ Another application would be the estimation of 
1A31P(34/32S) in P(v) compounds with a P=S bond. The one-bond ‘a/160- 
induced shift has been measured (-0.0354 ppm).12’ From this, following 
the same procedure as for the PX3 example, we would obtain a reduced 
isotope shift of -0.96 ppm from which 1A31P(34/32S) = -0.0140 ppm. A 
slightly better estimate can be obtained if we know the P=O and P=S 
bond lengths. Then we can find the ratio (Arps)/(Arpo): 

using re = 1.86 and 1.52 A respectively for P=S and P=O and the values 
of the parameters in Table 7. Thus we only need to assume that 
(au‘/ a A rPS), = (au ‘1 aA rm) e. 

1 R  A (P, S) =IAR(P, O)(Arps)/(Arm) = -0.91 ppm 

Then, as previously, we get an estimate for ‘A3’P(34/32S) = -0.0132 ppm. 
We can also estimate ’A3’P(36’32S) to be approximately twice as large because 
of the factor (36 -32)/36 instead of (34 - 32)/34. These isotope shifts have 
recently been measured and reported as -0.0097 ppm and -0.0184 ppm.‘” 

Also, the 34/32S-ind~~ed 95M0 isotope shift in MoS;-, which should have 
roughly the same value of ’AR as MOO;- (-5.26ppm), can be predicted 
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to be 

-5.26 ppm x (34 - 32)/34 x 1/2 x 95/ (95 + 32) = -0.1 1 ppm 

if electronic factors are about the same and (ArMoo) is comparable to (ArM,,s). 
The measured value is -0.090 ~ p m . ' ~ ~  

Let us now consider the electronic factor in more detail. The value of 
(aa/aAr) ,  for a given nucleus reflects the range of chemical shifts for that 
nucleus, since both are measures of the nuclear shielding sensitivity, the 
former to bond extension and the latter to changes in electronic structure. 
For example, the ratio of the ab initio theoretical 19F shielding derivative 
(daF/dArHF), in H F  to the empirical 'H shielding derivative (dUH/dArHH), 
in H2 (-442 ppm &'/-12.1 ppm &')433.70 is approximately the same as the 
ratio of the chemical shift ranges of 19F and 'H, about 800 ppm/20 ppm. 
Since the periodicity of the (a:/r3) of the valence p or d orbitals of the 
observed nucleus has been found to be generally reflected in the ranges of 
chemical shifts,lZ4 it is possible to use ( a 2 / r 3 )  in the same fashion (where 
uo = 0.529 A).  For example, the derivatives (dax/dArxH), for 'lB, 13C and 

N in BH4-, CH4 and NH4+ have been estimated from observed '"H- 
induced isotope shifts; these are -27, -35 and -65 ppm A-' respectively,s8 
or 0.76 : 1 : 1.85. These may be comapred with the values of (a:/ r3)  for free 
atoms which are in the ratio 0.5 : 1 : 2.0,'2s,126 roughly the same ratio as the 
observed ranges of chemical shifts for these nuclei. In CN- the ratio 
(da"/dAr), to (da"/dAr), is -872 ppm A-' to -473 pprn A-1,127,69 the same 
ratio as for the derivatives in NH,' and CH, (1.85 : 1). In CO the ratio of 
(dao/aAr), to (dac/dAr),  is -1150 to -456ppm&1,50 which is 2.5; this 
may be compared with the ratio of (a:/r3) for the atoms, which is 3.5. 

When the values of (Ar) are comparable, the reduced isotope shifts will 
appear to be related to one another in the same way as chemical shifts in 
general. In the above example, the (Ar) values for BH4-, CH, and NH4+ 
are similar (2-2.2 x lop2 A), so the reduced isotope shifts are related in 
very nearly the same way as the respective (da/dAr), .  Note, however, that 
(Ar) for bonds involving hydrogen are different from all others. Although 
the mean bond angle deformation ( A a )  is non-zero for NH3 and PH3,14 it 
has been found that the "'H-induced isotope effect on X is dominated by 
the change in (Ar). It is found1097110 that the ratio 

15 

'AR(P, H) in PH, 
'AR(N, H) in NH3 

= 1.26 

is comparable to the ratio of (a,3/r3) for the P and N atoms which is 1.4. 
Thus the trends relating magnitudes of isotope shifts to shielding sensitivity 
and the similarities of (Ar) for the bonds being compared lead to relation- 
ships between reduced shifts based on chemical shift ranges (or (a:/r')) 
if the isotope shift of one chemical analogue is known. The method of 
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estimation for case (B) now becomes clear. Given that 'A95M0('"160) = 

-0.25 ppm,'28 by using the ratio of (a: / r3)  for the 3d3/, and 4d3/2 states of 
the atoms,126 we can estimate 1A99T~('8/'60) as follows. Take 

and for a rough estimate let (ArTcO)==(ArMOO). Then 

= -0.34 ppm. 

This compares well with the experimental value of -0.44 f 0.06 ~ p m . " ~  
There are fewer data on analogous compounds which involve replacement 

of non-end atoms. It is interesting, however, that the relationship holds 
even in the case of 13"2C-induced 199Hg and "'Cd shifts in MezHg and 
Me2Cd. Here the isotope shifts are of unusual sign, +0.4 ppm and +0.14 ppm 
re~pectively. '~~. '~~ Nevertheless the reduced isotope shifts, 11.0 and 4.0 ppm, 
are in the same ratio as (a:/r3) of Hg and Cd. 

TABLE 15 

Observed and estimated (in parentheses) '"H-induced one-bond isotope shifts in hydrides, 
in ppm per D.*l9 

H* BH4- CH4 NH,+ NH, H*0 HF 
-0.0402 -0.138 -0.192 -0.307 -0.65 -1.54 -2.5 

SiH, 
(-0.4) 

GeH, 

SnH, 

(-1.1) 

(-1.6) 

PH, H2S HCl 

ASH, H,Se HBr 

SbH, H,Te HI 

-0.843 (-2.2) (-2.8) 

(-2.0) -7.02 (-5.6) 

(-3.0) (-10.6) (-7.9) 

PbH, 
(-2.9) 

The above examples indicate that predictions to within a factor of 2 are 
possible when chemically analogous compounds are compared. In Table 
15 we show 2''H-induced one-bond isotope shifts for various nuclei where 
they have been observed, and our predictions of the magnitudes of 'A for 
yet unknown shifts in parentheses. We present similar values and predictions 

0-induced one-bond isotope shifts in Table 16. The predicted values for 18/16 



ISOTOPE EFFECTS ON NUCLEAR SHIELDING 61 

TABLE 16 

Observed and estimated (in parentheses) 18”60-induced one-bond isotope shifts, in ppm per 180.119 

co2 NO2- / NO3- 0 3  
-0.019 -0.138 -0.056 (-0.26) 

P0,3 soz / so2- c10,- 
-0.019 (-0.27) (-0.026) (-0.03) 

AsO.,- SeO, s~o,’- Br0,- 
(-0.06) (-0.72) (-0.06) (-0.09) 

TeO, / TeO2- 10,- 
(-1.6) (-0.14) (-0.16) 

in Tables 15 and 16 are based on calculations of (Ar) using methods 
described in Section IV.B, and estimates of (au/aAr), based on correlations 
of the type described above. 

Estimates can also be made by comparing non-analogous compounds for 
different nuclei in the same group of the periodic table. Here the estimate 
will not be as good as in the analogous compounds which we have used 
for case (A) and case (B). However, even if no other information regarding 
analogous compounds is available, this can lead to an estimate within a 
factor of 2-3. For example, to estimate 1A15N(2/1H) in NH,+ from 
1 31P 18/16 A ( 0) in PO:- (-0.019 f 0.002 ppm) we proceed as follows: 

2-1 15 -- 
l ~ l 5 ~ ( 2 / 1 ~ )  ~ l ~ 3 1 p ( 1 8 / 1 6  ( a o 3 / r 3 ) N  (Arid 15+ 

0)(a:/r3)p (ArPo) -~ 18-16 31 
18 31+16 

Using equation (74) to estimate (Ar), this gives a value of -0.72ppm, to 
be compared with the measured value, -0.307 ppm.lo7 

Finally, it would be useful to have a way of making an order of magnitude 
estimate of the isotope shift that may be expected for a nucleus in any 
bond, at least a prediction of the feasibility of the observation. The deriva- 
tives (da/dAr), vary with structural factors by as much as 2-fold even for 
the same bond (19F in C-F bonds in various halomethanes for 
There are other variations in electronic factors for a given nucleus which 
imply that the derivatives (duldhr), should have a spread of about a factor 
from 2 to 10. (These are discussed below.) In Table 17 we show the known 
ranges of ‘AR for various observed nuclei and in parentheses our predictions 
for other nuclei in any electronic environment. These predictions are based 
on two measured isotope shifts, 1A31P(18/160) in PO:- and 1A15N(18/160) 
in NO2-, and the (a:/r3) for the observed nucleus. From this table an 
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Magnitudes of reduced isotope shifts observed for various nuclei, in ppm. PredictedEvb values for other nuclei are shown in pareothese~."~ 

H 
0.375-0.81 

Li 
(0.006-0.1 ) 

Na 
(0.036-0.5) 

K 
(0.065-0.91) 

Rb 
(0.13-1.75) 

c s  
(0.2-2.7) 

s c  Ti 
(2.1-5.2) (2.8-7) 

Y Zr 
(2.7-6.7) (3.8-9.3) 

La Hf 
(3.9-9.6) (7.5-18.7) 

Be 
(0.02-0.36) 

Mg 
(0.1-1.6) 

Ca 

Sr 
(0.3-4.1) 

Ba 
(0.4-5.9) 

V 
4.5 

Nb 
(4.1 - 10.2) 

Ta 

(0.2-2.3) 

(3.6-9) 

(9.3-23) 

B 
0.6 

(0.09-1 26)  
Al 

(0.2-2.6) 
Ga 

(0.5-7.2) 
In 

(0.8-11.8) 

n .  
(1.8-24.5) 

Cr 
10.3 

(4-9.9) 
Mo 

4.1-5.3 
(5.3-13.1) 

w 
( 11.1-27.4) 

C 
0.2-1.87 

Si 
(0.3-4.8) 

Ge 
(0.9- 11.9) 

Sn 
6.5 

(1.3-17.9) 
Pb 

(2.4-33 2 )  
Mn 
13.7 

(5.5-13.7) 
Tc 
9.2 

(7.1-17.5) 
Re 

(13.1-32.4) 

N 
1.3-5.1 

P 
0.4-5.4 

As 
( 1.1-15.6) 

Sb 
( 1.8-24.4) 

Bi 
(3.7-51) 

Fe 
(6.7-16.6) 

Ru 
(7.5-18.7) 

0 s  
(15.1-37.3) 

0 
6.5 

(0.6-9) 
S 

(0.7-10.4) 
Se 

0.4-30 
Te 

1.6-9.7 
(up to 31) 

c o  
28.6 
(8-19.8) 
Rh 

(8.8-21.9) 

Ir 
(17.4-43.1) 

F 
0.6-10.5 

C1 
(1.1-14.8) 

Br 
(2.0-28.1) 

1 
(2.7-37.3) 

Ni 
(9.4-23.3) 

Pd 
(9.7-23.9) 

Pt 
3.2-7.3 

(18.6-46) 

Xe 
(3.3-46.3) 

c u  
(0.2-2.5) 

Ag 
(0.4-5.2) 

Au 
(0.9-12.4) 

Zn 
(0.4-5) 

Cd 
4 

(0.7-9.5) 
Hg 

4-11 
(1.5-20.7) 

The predictions are based on P in PO:- for the lower limit and N in NO,- for the upper limit for the main groups. 
For the transition elements the predictions are based on MOO:- and Mn0,- respectively, i.e. for highly symmetric environments only. 

Furthermore, the factor A,!-' in the chemical shift depends on the ligands, so the given ranges should be multiplied by the factor by which AE-' 
varies for a given transition element in its complexes compared to ions of the type MO,"-. For example, the observed values for F't in PtC1,'- 
and F'tBr2- are smaller, whereas that for Co in CO(CN),~- is greater. 
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estimate of 'A can be made for nucleus A due to substitution of an end 
atom "'X by ""X by multiplying the number in Table 17 by (m ' -  
m ) / m ' X ~ m , / ( r n , +  m).  Given no further information these estimates pre- 
dict the feasibility of observation of any given one-bond isotope shift. This 
is based on the assumption that (Ar) is approximately the same for an 
arbitrary bond as for the P-0 or N - 0  bond. Because of the fact that (Ar) 
is significantly different for X-H bonds in comparison to others, Table 17 
is not suitable for predicting *"H-induced isotope shifts. For this the use 
of Table 15 and a case (B) approach would be more appropriate. 

As an example we predict from Table 17 a 18/160-induced shift on the 
"V shielding of V0:- in the range of -0.15 to -0.38 ppm, whereas the 
experiment yields -0.19 ppm.l3* For 1A19F(34/32S) we would predict -0.007 
to -0.115 ppm. This may be compared with the experimental values which 
range from -0.0091 ppm to -0.0755 ppm for a variety of S-F  bond^.'^^-'^^ 
Equation (77) indicates that the least feasible observations are those of the 
shift in light nuclei A upon isotopic substitution of a heavy ligand X. The 
mass factors are unfavourable and the shielding derivative is expected to 
be small for the smaller chemical shift ranges typical of light nuclei. 

G. Factors affecting ( a a / a A r ) ,  

We have already seen that the dynamical factors in one-bond isotope 
shifts are fairly predictable and can even be estimated without a good force 
field because the mass-independent part of the dynamic factor is largely 
determined by the bond length and the rows of the periodic table of the 
pair of bonded atoms. In order to explain the correlations (a)-(d) which 
were noted in Section I, we look to the electronic factors (aa/aAr),. There 
are several systems for which these derivatives have been estimated. The 
results of dynamical calculations on a variety of molecules and the accom- 
panying measurements of the temperature dependence of nuclear shielding 
in the zero-pressure limit provide empirical estimates of (aa/aAr), according 
to equation (88). We use these as illustrative examples. Although most of 
the estimates of (ac+/aAr), which are now available are for 19F shielding, 
the systematic trends which we have found for these derivatives are probably 
typical. In Table 18 we summarize the derivatives estimated from tem- 
perature-dependent shielding studies in the zero-pressure limit, from theo- 
retical (ab initio) calculations, and from the reduced isotope shifts. 

Examination of the derivatives in Table 18 reveals the following trends: 
(a) (da/aAr),  seems to be always negative, with rare exceptions, i.e. 

(b) I(aa/aAr),l  is smaller for nuclei in symmetric environments such as 

(c) I(au/dAr) , [  generally increases with the chemical shift range of the 

deshielding accompanies bond extension. 

the octahedral, tetrahedral or trigonal planar nuclear sites. 

observed nucleus, as we have already noted in the previous section. 



TABLE 18 

Derivatives of nuclear shielding with respect to bond extension, (ao*/aAr,,),, and the absolute shielding a,* (300 K). 

Nucl. Mol. theory' 
temp. isot. 

depend.b shift Ref. uoA (300 K) Ref. 

'H H2 

LiH 
CH4 
H20 

HF 
IIB BH4- 
13c co 

CH=CH 

15N CN- 
NZ 

-20.7 

-4.19 
-25.6 
-35.3 
-40.7 
-41.8,42.6 

-413.7, -535 
-640 

-221 
-30, -40 
-31, -50(CH) 
-15(C-C), -6.3 
-26, -32(CH) 

-252, -188(C=C), -182.7 

-206, -110(CEC), -103 
-4.5, -19(CH) 

-774 
-640, -1090 

-12.1 
-11.5 

-38 

-26.7 

-456 
-473 
-214 
-35 

-873 
-910 

43,70 
58 
43 

135,35 
76 

136 
43,135 
58 
53,137 
74,50 
69 
34,50 

140,35 
140 
140,135 
140 
140,135 
140 
140 
69,135 
67,141 
54,74 

26.363 

26.213 
30.611 
30.052 

28.8 

3.2 

60.9 
197.35 
183.1 

66.76 

121.35 

-61.6 

70 

43 
72 
72 

104 

138 

139 
72 
72 

72 

72 

142 



NH4+ 
NO,- 
NO2- 

1'0 co 

F2 
ClF 
BF, 
NF3 
PF, 
SIF, 
SF6 
COF, 
CF4 
CF,CI 
CF2C12 
CFCl, 
CF,Br 
CF,I 
CH3F 

CHF, 
CHP2 

po4,- 
PCI, 
PBr, 

-479 
-1240 
-1077, -1166 
-270.9 
-285, -275 

-65 
-410 
-990 

-1150 

-294 

-1641 
-411, -444 
-441.7 

-2782 

-131 

-4530 
-2070 
-1115 
-2500 
-1200 
-1170 
-2200 
-1146 
-1180 
-1630 
-2000 
-2400 
-1850 
-1950 
-338 
-725 

-1274 
-120 
-310 
-370 

58 
143 
143 
53,50 
74 

137,135 
76,14 

136,135 
143 
52,135 
43 

135,57 
57 

103 
143 
143 
103 
146 
33 
11 
94 
94 
94 
94 
94 

11 
11 
58 

143 
143 

135,ll 

223.8 
-131.8 
-365 
-42.3 

344.0 

243.4 
410.0 

-232.8 
637.1 
327.2 
50.3 
228.3 
363.2 
139.6 
221.6 
259.0 
224.4 
202.6 
195.7 
213.8 
199.6 
471.0 
339.1 
274.1 

142 
142 

5 
73 

73 

73 
104 

144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
144 
145 
145 
145 
144 
145 
144 



TABLE 18 (cont.) 

Nucl. Mol. theory" 
temp. isot. 

depend.b shift Ref. uoA (300 K) Ref. 

"Mn Mn0,- 
77Se H,Se 
95M0 MoO2- 
99Tc Tc0,- 
'I9Sn Bu,SnH 

PtBr2- 
195pt Ptc1,*- 

-2490 58 
-1273 14 
-1400 58 
-2030 58 

-367 58 
-2530 58 
-1470 58 

Derivatives of the shielding of various nuclei (B, C, N, F, Si, P) have also been calculated at the CNDO/S level using 
a sum over states method.147 The results agree qualitatively with those shown in this table (all (au/aAr),<O) although, as 
might be expected at this level of approximation, the magnitudes are considerably smaller in some cases and larger in others. 
As we have seen in Section III.C, the paramagnetic term, which is most difficult to calculate accurately, dominates the change 
in shielding with molecular geometry. 

The derivatives obtained from the temperature dependence in the zero-pressure limit are overestimated in those cases 
where the rotational contributions are small; see text Section 1V.E for discussion of this. 
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FIG. 17. Correlation of 19F shielding derivatives with '%-F spin-spin couplings and the 
I9F absolute shielding. From reference 11,  with permission. 

(d) ( d a / d A r ) ,  correlates with the absolute shielding a@ An example of 
this correlation is shown in Fig. 17 for I9F in the C-F bond in 
fluoromethanes." We have already seen in Section 111 that the theoretically 
calculated derivative of the paramagnetic term in the shielding has a larger 
magnitude than the derivative of the diamagnetic term. The more shielded 
nucleus has a smaller paramagnetic term. Thus the magnitude of (da/dAr) ,  
will be generally smaller for the more shielded nucleus. Another example 
is the 13C shielding in CO, CN-, CO,, CH, in which the derivative is also 
smaller for the more shielded nucleus. The codparison is not as valid in 
this series because the bonds being extended do not involve the same atom. 
Nevertheless there is a clear trend. The consistently larger 13C isotope shift 
upon D substitution in CH, groups compared to CH, groups is probably 
another example of the correlation of (do/dAr),  with the absolute shielding; 
I3C in CH2 groups are generally less shielded than in CH3 groups. 

(e) ~ ( d c r / d A r c ~ J e ~  in CO (bond order -3) is greater than I(da/dAr,=,),l 
in CO, (bond order -2) for both 0 and C. Although there are not any 
other examples of (da/dAr) ,  as a function of bond order, this particular 
example is illustrative. This also shows that \(do/dAr),l is greater for the 
shorter C r O  bond (1.128A) than the longer C=O bond (1.160A). 
Similarly, the magnitudes of (daF/dArcF), in CFH3 and CF, correlate with 
bond lengths of 1.382 and 1.317 A respectively. The shorter bond is associ- 
ated with the larger derivative. We have already seen that the magnitude 
of the dynamic factor for a given bond type decreases with decreasing bond 
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length; therefore the electronic factor is responsible for the experimentally 
observed dependence of the isotope shift on bondlbond 

(f) l(acA/dArAx),1 increases with increasing electronegativity of X, as for 
'H in the series HLi, H2, H4C, HzO, HF, or I9F in the series FH, F4C, F3N, 
FCl, F2. 

(g) l(ac/aAr),l  appears to be greater for nuclei with c lone pairs, e.g. 
-990 for NOz- compared to -410 for NO3-, -310 and -370 for PC13 and 
PBr, respectively compared to -120 for PO:-. 

(h) I(ae/dAr),( increases with increasing J.  An example of this correlation 
is shown in Fig. 17 for I9F shielding derivatives with respect to C-F bond 
extension and the corresponding J(CF) for the fluoromethanes." 

These systematic trends in the derivatives account for the observed depen- 
dence of isotope shifts on electronegativity of substituents, bond order, etc.* 
Thus the electronic factor is mainly responsible for the observed correlations 
between the magnitude of the isotope shift and the bond order (or bond 
length), the spin-spin coupling, and the chemical shift which have been 
noted (as illustrated in Fig. 2). 

V. ISOTOPE EFFECTS OVER MORE THAN ONE BOND 

Isotope shifts due to substitution with a heavier atom at a site remote 
from the observed nucleus show the same general trends as one-bond isotope 
shifts. (i) The sign is still generally negative although some are positive, 
with some alternation of signs being observed in the same molecule. (ii) 
The magnitude reflects the chemical shift range of the observed nucleus. 
(iii) The magnitude is related to the fractional mass change. (iv) The effect 
is additive. 

In the theoretical interpretation of n-bond isotope shifts (n > 1) we need 
to consider at least two contributions: (i) the secondary changes in shielding 
with extension of the remote bond due to a primary change in the mean 
bond length at the substitution site, and (ii) the primary change in shielding 
with extension of the bond directly involving the observed nucleus due to 
the secondary change in this mean bond length accompanying isotopic 
substitution at a remote site. We can write this as follows: 

AA("'/"x) = SA+ ~6 + . . (93) 

where S = (aeA/aArxy),  is a secondary shielding derivative, P = 
(aaA/aArAZ), is a primary derivative, A is the primary change in the X-Y 
bond length, A = (Arxy)-(Arxy)* when "X is replaced by "'X and 6 = 
(hrA,)-(hr,.&* is the secondary change in the A-Z bond length due to 
"""X substitution. There are also quadratic and higher order terms which 
have not been included in equation (93), as well as secondary-secondary 
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terms such as (daA/dArz,),6’ which should be generally smaller than the 
secondary-primary and primary-secondary terms shown in equation (93). 
The magnitudes of secondary second derivatives of the type (d2aA/dArxu2)e 
are unknown for any molecule except water.76 Therefore we will limit our 
discussion to terms shown in equation (93). 

It is easy to see why n-bond isotope shifts are in general smaller than 
one-bond isotope shifts. While the latter involve a primary electronic factor 
and a primary dynamic factor, n-bond shifts ( n  > 1)  involve at least one 
secondary factor in each term. The further away the substitution site is from 
the observed nucleus, the smaller the secondary factor (either 6 or S ) .  In 
the water molecule in Fig. 8(d) it is clear that the change in the ‘H shielding 
upon extension of the other 0 -H  bond is much less pronounced than the 
change upon extension of the immediate bond. The sign of the secondary 
shielding derivative or the secondary isotope effect on the bond length is 
not necessarily the same for most systems, because secondary effects are 
more dependent on the details of the electronic distribution and the potential 
surface. Thus positive signs for n-bond isotope shifts are quite possible. 

The magnitude of the derivatives should still reflect the sensitivity of a 
given nucleus to its electronic environment, i.e. the secondary derivatives 
should be dependent on this sensitivity just as the primary derivatives have 
been shown to be. The dependence of A on fractional mass change has 
already been established in consideration of one-bond isotope shifts, 
whereas the dependence of 6 on these factors has not. Finally, the additivity 
of 2-bond isotope shifts has also been established by the CH,-,D, 
example?’ This can be written as follows in terms of the primary ( P )  and 
secondary ( S )  derivatives of ‘H shielding: 

u~(CH,-,D,)-~~(CH,-,.D,.) = ( n ’ - n ) { S [ A -  e ( s ) ]+P6}  

neglecting rotational contributions. 0(6 ) ,  the term of order 6, can be neglec- 
ted relative to A, leading to (n ’ -  n ) [ S A + P 6 ] ,  which is an isotope shift 
linearly dependent on the number of substitutions. Thus we see that the 
additivity extends to both terms in equation (93). The secondary change in 
the mean bond lengths is very small, e.g. for D substitution it is -1 x lo-* A 
compared to the -5  x A typical for a primary change as in A = 

(ArCH) - (ATCD). The numbers are of this relative order also for 6 and A in 
H20.76 Because of this, the term involving 6 in equation (93) is usually 
much less important than the term involving A. It is possible to estimate 
the secondary shielding derivative S from a measured n-bond isotope shift 
if the primary shielding derivative P is known from other sources (such as 
the temperature dependence of shielding) and both A and 6 are calculated 
with an adequate force field. 

Some secondary derivatives obtained in this way are given in Table 19. 
We note that these are about one order of magnitude smaller than the values 
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TABLE 19 

Derivatives of nuclear shielding with respect to extension of a remote bond 
(ac+A/adrx,)e. 

Nucl. Molecule r, (aaA/dAr , ) ,  Ref. 

'H H2O OH' -4.6 76 

-2.6 135 
CH4 CH' -1.3 35 

I9F CFCl, CCI -70 94 
CHF, CH -84 11  
S=CF, cs -284 102 
F,C=CFH (trans) CH -30 148 

(cis) CH -23 148 
(gem) CH -18 148 

F2C=CH, (trans) CH -41 148 
(cis) CH -33 148 

13C H,C-CH, CH - 12.4 I40 
H,C=CH, CH +5.3 140 
H C r C H  CH +12.5 140 

1'0 u0,- UO' -300 102 

of primary derivatives in Table 18. These secondary derivatives of nuclear 
shielding correlate with the spin-spin coupling constants over the same 
bond path. For example, the cis, trans and gem HF coupling constants in 
trifluoroethene are -2, +I0 and +72 Hz respectively, the magnitudes being 
in the same order as the magnitudes of the secondary derivatives in Table 
19. The chemical shifts upon substitution of atoms cis, trans and gem away 
from the observed nucleus also are in this relative order.14' 

The correlations found between isotope shifts and the spin-spin coupling 
constants or substituent effects on chemical shifts indicate that the dominat- 
ing electronic factor in isotope shifts involves the same electronic trans- 
mission path. Furthermore, two-bond isotope shifts are found to correlate 
with the bond length at the substitution site.'34 These imply that the term 
S A  is the one of major importance in determining the isotope shift. This is 
fortunate, since the secondary dynamic effects are sensitive to the fine details 
of the force field and require a reasonably good vibrational calculation to 
get even the sign of 6 right. On the other hand, the magnitude of A is fairly 
easy to calculate or estimate as we have seen in Section 1V.B. This is of 
practical importance because this allows the estimation of secondary deriva- 
tives S = (duA/dArXY)e directly from nAA(m"mX) knowing only the X-Y 
bond length and the masses my, m' and m. Like substituent shifts and 
spin-spin coupling constants, the secondary derivatives of the shielding tell 
us the extent to which the electron distribution at one point in the molecule 
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is affected by the perturbations that occur at a remote site. This information 
is transmitted through bonds and therefore carries information about 
molecular structure. There are some interesting examples of this. The di- 
hedral angle dependence of the three-bond isotope shift,'49 3A13C(2/'H) = 
-0.080 ppm for 8 = 0", -0.050 ppm for 8 = 30" and 2 -0.020 ppm for 8 = 
90°, shows some dependence on proximity, not quite analogous to the 
Karplus relationship for vicinal coupling across the same electronic trans- 
mission path. The two- and three-bond isotope shifts in fluoroethanes show 
good correlations with couplings across the same transmission path: 

13Acis19F(2/1H)I < 13Atran:9F(2/1H)( < 12Agem19F(2/1H)I 

in the same order as 'JCis(HF), 'J,,,,(HF) and *Jsem(HF) for several com- 
p o u n d ~ , ' ~ ~  which is also the same ordering as the magnitudes of the I9F 

substituent shifts. 
Long-range isotope shifts are observed in conjugated systems just as are 

coupling constants and substituent shifts. Some alternation of signs of 
isotope shifts is observed in such cases, as it is in the coupling over the 
same T system.'50 The same transmission of electronic information that 
gives rise to the shielding changes over many bonds in a 7~ system upon 
chemical substitution also gives rise to the much smaller shielding changes 
upon isotopic substitution. The efficiency of the transmission of electronic 
information is indicated by the small secondary derivatives of shielding. 
These secondary derivatives are not easily calculated with ab initio methods 
since one needs to do calculations on fairly large molecules in order to 
study long-range effects. However, the semi-empirical methods which have 
been used for long-range couplings in conjugated systems may suggest a 
parallel approach for the calculation of secondary derivatives over the same 
pathways. 

In the foregoing we have always implicitly assumed the Born-Oppen- 
heimer approximation, i.e. that the rovibrational averaging occurs in the 
same potential energy surface and shielding surface for both isotopomers. 
The interpretation of the isotope shifts in terms of two factors, the dynamic 
and the electronic factor, is a consequence of the Born-Oppenheimer 
approximation and is not possible in cases where this separation is not 
valid, e.g. if Jahn-Teller effects occur. Other properties such as the electric 
dipole moment of HD or CH3D are entirely due to a breakdown in the 
Born-Oppenheimer approximation. Although the observed effect, the 
chemical shift, is the same as that which would be observed if the hydrogen 
and the deuterium acted as if their electronegativities were different, it is 
not necessary to assume this. The NMR isotope shift data which have been 
reported so far can be interpreted with the foregoing theory without having 
to assume Born-Oppenheimer breakdown. Thus we would like to discourage 
the use of terms such as "isotope-induced inductive effect" of a deuterium 
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relative to a hydrogen,151 or “hyperconjugation”, which have been used in 
interpretation of some isotope shifts.’52 Both concepts imply that a Born- 
Oppenheimer breakdown is responsible for the observed isotope shift. In 
the cases when such models have been applied, the rovibrational averaging 
model within the context of the Born-Oppenheimer approximation is 
entirely sufficient. 

VI. TEMPERATURE AND SOLVENT EFFECTS ON 
ISOTOPE SHIFTS 

Figures 3 and 4 show that the rovibrationally averaged shielding changes 
with temperature in a parallel fashion for both isotopomers. Therefore, 
although the shielding temperature dependence may be large (e.g. it is 
calculated to be 1.56 x ppm deg-I for I9F in HF  in the range 100-500 K), 
the temperature dependence of the isotope shift will be very small, and 
probably very difficult to measure. In the case of the HD-D2 system, Beckett 
and Carr4’ observed the temperature dependence of the isotope shift. Since 
the magnitude of the isotope shift at any one temperature can be used to 
obtain (dc~/aAr)~, and since this derivative can then be used to predict the 
temperature dependence of the shielding in both isotopomers, the magnitude 
and the temperature coefficient of the isotope shift are related to one another. 
Raynes and Panteli7’ have shown that the temperature dependence observed 
by Beckett and Carr is consistent in this way with the magnitude of the 
isotope shift at 300 K. 

The temperature dependence of the isotope shift in diatomic molecules 
(other than H2) is given by equation (40). The temperature dependent factor 
is {coth(hcw/2kT) - ( p / p * ) t  coth[hc(p/p*)h/2kT]}. For example, 
A F(37/35C1) in ClF has been calculated to be -0.0886 ppm at 300 K. In 

the temperature range 280-350K the isotope shift in ClF changes from 
1.027 to 0.93 times the value at 300 K.39 The temperature factor shown above 
predicts that the magnitude of the isotope shift should decrease with 
increasing temperature for diatomic molecules. Similar factors for poly- 
atomic molecules lead to the same prediction for these as well. This tem- 
perature dependence has been verified experimentally for 1A19F(34/32S) in 
SF, and 2A19F(34’32S) in S=CF2. The isotope shifts are -0.0552ppm (at 
225 K), -0.0530 ppm (at 293 K) for SF6 and -0.0138 ppm (at 210 K) and 
-0.0119 ppm (at 293 K).134 Somewhat larger changes have been observed 
in several other 34S-induced I9F isotope shifts in SOF2, S02F2, SO2C1F and 
CF3S(0)F,134 which could be partly attributed to the larger amplitudes of 
motion in these fluxional molecules. 

When unusual sign and/or unexpectedly large isotope shifts are observed, 
the possible involvement of chemical or conformational equilibria should 

1 19 
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be investigated. These would exhibit temperature dependence and solvent 
effects which are larger than are normally observed for intrinsic isotope 
shifts. An example might be the unusual positive isotope shifts of 67Zn in 
various zinc salts. It has been pointed out that these shifts may be due to 
solvent dependent equilibrium positions between inner- and outer-sphere 
complexes. The tendency for a halogen to enter the first coordination sphere 
is more pronounced in D20 than in H 2 0  so the large positive shifts in 
ZnBr2/D20 may be traced to an effective removal of D20 ligands by 
bromide.153 In those cases where conformational or chemical equilibria can 
be excluded with some certainty, the effects of intermolecular interactions 
on isotope shifts have been found to be small. For example, a linear density 
dependence of 1A2D(2’1H) has been measured in gas samples having 
densities up to 840 amagat; the magnitude of the isotope shift decreases 
with increasing density. This observation has been explained as follows:17 

aHD(T, p )  = goHD+ ulHD(T)p +. . . 
uD2(T, p )  = a o D Z +  ulD2(T)p + * . * (94) 

(uoDZ - aoHD) is the isotope shift in the zero-pressure limit, and ( a I D 2 -  alHD) 
is the difference in the effects of binary collisions on the two species. Both 
uI values are expected to be normal (i.e. negative). The greater magnitude 
of the a1 in D2 molecules interacting with other (D2 or HD) molecules is 
due to the more exposed deuterium nucleus in D2 (where each D is r J 2  
from the centre of mass) compared to HD (where the D nucleus is re/3 
from the centre of mass). A calculation using the nuclear site effect model 
gives -0.049 x lop4 ppm amagat-I for this difference, which compares 
favourably with the experimental result which is -(0.059 f 0.026) x 

ppm amagat-’. For polyatomic molecules dissolved in a liquid the 
solvent effect on the isotope shift may be considered in terms of the smaller 
average volume of a D atom undergoing vibrational averaging; compared 
to an H atom in the same bond, the solvent molecules can get closer to the 
D atom. Since differences in site factors are small, the solvent effects on 
isotope shifts are expected to be small except when specific interactions 
such as hydrogen bonding are involved. This is very fortunate because this 
allows the determination of accurate isotope shifts in solution where condi- 
tions can be arranged so as to obtain favourable linewidths, as opposed to 
the very difficult zero-pressure limit measurements. 

VII. CONCLUSIONS 

We have presented the theoretical basis for isotope shifts in NMR. We 
find that the theory gives a good account of generally observed trends as 
well as some of the more specific correlations with electronic structure and 
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with other molecular properties. In some specific cases in which ab initio 
calculations have been carried out the theory gives semi-quantitative agree- 
ment with experiment. 

Isotope shifts are due to rovibrational effects and can be described by 
an electronic factor multiplied by a dynamic factor. The nearly uniform 
sign (negative) which is observed in one-bond isotope shifts comes 
from the nearly uniform sign (negative) of the electronic factor (the 
shielding increases as the bond gets shorter) combined with the widely 
observed shortening of the average bond length upon heavy isotope sub- 
stitution. 

The dynamic factor depends on the masses of the atoms involved in the 
bond. It has been possible to express the change in the mean bond length 
upon isotopic substitution in a simple form depending on the masses of 
the atoms involved in the bond, so that it becomes possible to estimate the 
dynamic factor from the bond length. The mass factor confirms the observed 
dependence of isotope shifts on the fractional change in mass. It favours 
the observation of isotope shift upon substitution of light atoms while 
observing heavy nuclei. 

Because the dynamic factor is easily estimated, the electronic factor can 
be directly extracted from the measured isotope shift to a first approximation. 
Thus the one-bond isotope shift serves as an index of the chemical bond. 
The correlations of isotope shifts with other properties such as spin-spin 
coupling, bond order, bond length or electronegativity of substituents are 
then interpretable as manifestations of the sensitivity of the shielding deriva- 
tive ( d a l d h r ) ,  to these chemical parameters. 

Based on what we have shown here about the nature of the dynamic and 
electronic factors, it is possible to predict the order of magnitude of one-bond 
isotope shifts for any combination of atoms. Thus it is possible to make an 
a priori estimate of the feasibility of observation of one-bond isotope shifts 
involving any two atoms. 

The additivity of isotope shifts has been shown to be due to the additive 
nature of mean bond length changes and provides an easily recognizable 
pattern in the spectrum, i.e. equally spaced peaks corresponding to each 
isotopomer with substitution at equivalent sites. 

The isotope shift over more than one bond is interpreted in a similar 
way. Although there are secondary effects on bond lengths at nuclear sites 
remote from the substitution site, the important contribution seems to come 
from the primary change in bond length at the substitution site combined 
with a secondary electronic factor, the derivative of nuclear shielding with 
respect to the extension of a remote bond. Thus, with the given estimation 
methods for the dynamic factor, it is possible to obtain the change in nuclear 
shielding upon extension of a remote bond to a first approximation. This 
serves as an index of the electronic transmission path just as the spin-spin 
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coupling does, and is therefore a useful tool in characterizing molecular 
electronic structure. 

Isotope shifts are thus understood in principle. However, the ab initio 
calculation of long-range isotope shifts has not yet been attempted. A 
suitable model for estimating the change in shielding upon remote bond 
extension would be very useful. 

The unusual sign of a few one-bond isotope shifts is still to be explained, 
although some of these can be excluded from consideration because isotopic 
effects on chemical equilibrium may be involved. 

The theoretical model discussed here has also been successfully applied 
to the primary and secondary effects of isotopic substitution on spin-spin 
couplings which are reported e1~ewhere.I’~ 
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I. INTRODUCTION 

A. General remarks 

In this report I have endeavoured to cover the years 1978-1984. This period 
has witnessed many important developments in the application of nuclear 
magnetic resonance spectroscopy to studies of paramagnetic haem proteins. 
Fundamental to this information explosion have been methodology develop- 
ments that currently allow unequivocal resonance assignments. It has been 
well recognized that such assignments are required before detailed informa- 
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tion about three-dimensional solution structure and function can be 
routinely obtained. Consequently, much of this report concerns the methods 
that have been utilized to make unambiguous resonance assignments. In 
cases where these are made, NMR provides a unique window into the 
molecular basis of structure and dynamics. 

For the most part this report concerns the proton NMR spectroscopy of 
haem proteins in solution. As a nucleus, protons have been the most widely 
used, although brief sections on carbon-13 and nitrogen-15 are included. 
For many well known reasons these latter nuclei are employed to a lesser 
extent than protons. Furthermore, the porphyrin ring of the various haem 
prosthetic groups, as well as the iron ion axial ligands, possess several 
protons which are easily identified and frequently occur in spectral windows 
away from the crowded region of 0-10 ppm that contains the many overlap- 
ping resonances of the polypeptide protons. These hyperfine shifts are 
unique to paramagnetic metalloproteins and I hope that this report will 
successfully describe how the structural elements of the haem crevice, 
combined with studies employing hyperfine shifts, can yield extremely 
detailed information. 

It is not intended that this report should be exhaustive although I have 
endeavoured to include many pertinent references. I apologize in advance 
to any authors who may feel slighted by my treatment of their work. I assure 
them that this was unintentional on my part. 

There have been several reviews written recently on topics that are related 
to this review,'-4 and there is a recently published treatise that provides an 
excellent description of NMR methods applied to biological  molecule^.^ 
Although the book by Jardetzky and Roberts does not explicitly treat 
paramagnetic haem proteins in detail, it provides interesting chapters on 
both intrinsic and extrinsic paramagnetic effects in biomolecules and gives 
excellent descriptions of techniques applied to many proteins. 

B. Haem structures 

Many of the properties of paramagnetic haem proteins depend upon the 
status of haem iron ion coordination. The most frequently encountered 
haem coordination structures in proteins are depicted in Fig. 1. This figure 
serves to define the porphyrin ring numbering system that is used, as well 
as the designation for the coordinated histidine and methionine ligands. It 
is useful to note that a biological naming system for these axial ligands is 
employed here. Thus, in histidine C, is the proton-bearing carbon atom of 
the polypeptide chain and C, is the next side chain carbon. The imidazole 
ring continues to be labelled in this manner with C ,  being the quaternary 
carbon which is bonded to Cs and Ns. It is this nitrogen that normally 
carries the proton. In the recent literature this position has been labelled 
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variously as N, or N,. Finally, the imidazole ring is closed by N, and C,. 
In this labelling scheme N, is the nitrogen that coordinates to the haem 
iron in the so-called proximal histidine. In haemoglobins and myoglobins 
this proximal histidine occurs in the primary sequence at position F-8. The 
imidazole C, has been named C2 in the recent literature and C, has been 
called C.,. 

The coordination structures and oxidation states that one normally 
encounters in haem proteins are indicated in Fig. 1 and Fig. 2. In haemo- 
globins the naturally occurring iron ion oxidation state is ferrous (Fez+). 
When the protein is in the deoxygenated form (deoxy) the iron ion is in a 
high spin state, with four unpaired electrons (Fig. 2B). This is characteristic 
of deoxy haemoglobins, deoxy myoglobin and certain other reduced proteins 
such as reduced horseradish peroxidase. The haem coordination structure 
can be presumed to include the four haem pyrrole nitrogens and the proximal 
histidine N, (Fig. 1A). This is nominally a 5-coordinate state, although a 
water molecule may occupy the sixth coordination position in some proteins. 
Water is a very weak field ligand, so regardless of its presence or absence 
(6-coordinate or 5-coordinate) the protein is in a high spin state. In deoxy 
haemoglobins and myoglobins the iron does not lie within a plane defined 
by the haem pyrrole nitrogens but projects out of the haem plane toward 
the proximal histidine. Although usually not as pronounced, the ferric ( Fe3+) 
oxidation state of most haem proteins also exhibits this out-of-plane dis- 
placement in the unligated (5-coordinate) state. For most of these “met” 
haem proteins there is evidence both for and against the claim that water 
occupies a position in the haem iron coordination sphere in the unligated 
state. 

The high spin deoxy (ferrous forms), or unligated (ferric forms) states 
occur primarily for b-type haem proteins that have as their function ligand 
binding. These proteins are those that contain protohaem IX as their 
prosthetic group (Fig. 1A) in contrast to the c-type haem proteins (Fig. 1D) 
whose prosthetic group is covalently linked to the polypeptide chain via 
thioether bridges at haem positions 2 and 4. These same positions are 
occupied by vinyl groups in protohaem IX. Consequently, the removal of 
haems from b-type haem proteins to form the apo-protein is facile, as is 
the reconstitution of apo-globins with modified haems. The more common 
modified haems, which are derivatives of protohaem IX, that have been 
used in protein studies are shown in Fig. 3. In contrast, removal of haem 
c from its protein matrix is much harder and more complicated. 

The ligated, 6-coordinate state appears in ferrous, ferric and ferry1 forms 
of haem proteins. Crystallographic data reveal that in this type of structure 
the iron ion lies in the plane of the porphyrin ring. Neglecting the fact that 
the ligands are different, the local structure is best described by the structure 
that an octahedrally coordinated iron ion would have, albeit with different 
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, His 
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B 

FIG. 1. Ligation states of the haem in various types of haem proteins. (A) high spin 5- or 
6-coordinate native CcP, HRP, met-Mb, deoxy Hb, Mb; (B) b-type cytochromes; ( C )  CcP-CN, 
HRP-CN, met-Mb-CN, met-Hb-CN; (D) c-type cytochromes. 
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ligands. In the case of ferrous haemoglobins and myoglobins that have 
bound oxygen this structure is termed the oxy state. It is a diamagnetic 
haem form. Carbon monoxide also binds to ferrous haem proteins to yield 
6-coordinate diamagnetic forms (Fig. 2A). This transition from unligated 
to ligated forms is accompanied by movement of the iron ion into the haem 
plane. In the case of oxygen binding to tetrameric haemoglobins this 
movement has been thought to be part of the allosteric “trigger” mechanism 
that results in the haemoglobin quaternary structure change from the T 
(tensed, deoxy) to the R (relaxed, oxy) state. In tetrameric ferric haemo- 
globins similar structural changes accompany ligation that involves iron 
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ion spin state changes. Ferric haem ligands such as azide and cyanide ions 
cause such changes. 

In high spin, unligated ferric haem proteins (unligated form) a symmetric 
electronic ground state occurs for the haem iron(Ir1) ion (Fig. 2D). This 
structure is typical for native haem peroxidase enzymes such as cytochrome 
c peroxidase (CcP) and horseradish peroxidase (HRP). Unligated, oxidized 
haemoglobins and myoglobins also have this type of structure. Upon binding 
a strong field ligand, such as cyanide ion, a ferric protein is converted to 
the low spin state. This electronic state has only a single unpaired electron 
as shown in Fig. 2C. The structure shown in Fig. 1B indicates that similar 
6-coordination occurs naturally for b-type cytochromes. In this class of 
haem enzymes the imidazole rings of two histidines coordinate at the axial 
ligand positions. Similar 6-coordination occurs naturally for the c-type 
cytochromes. In this case nature has provided a histidine and a methionine 
(sulphur coordination) as the axial haem ligands. It should be pointed out 
that the axial ligands, in both of these cases, enforce the low spin state. 
Thus reduced, ferrocytochrome c is a diamagnetic molecule. 

For ferric proteins capable of ligand binding, several types of ions are 
capable of being bound at the sixth coordination site, yet do not produce 
sufficiently strong ligand fields to convert the haem iron completely to the 
low spin state. These intermediate or mixed spin states are induced by such 
ions as OCN-, SCN-, N3- and OH-. An excellent example of this is 
met-myoglobin hydroxide, which occurs in high pH solutions of the protein. 
The magnetic properties of this form reveal a reduction in magnetic moment 
which may be interpreted as one-third of the haem population existing in 
the low spin state. Current reviews exist that discuss the concept of inter- 
mediate spin porphyrin systems and their  rigi in.^,^.' 

One other structure is important in studies of haem proteins. For the 
haem peroxidases, which have come under scrutiny in recent years, the 
ferry1 structure, consisting of haem iron formally oxidized to the +4 state 
and coordinated to any oxygen atom, is characteristic of the oxidized 
intermediates of these enzymes. For example, the hydrogen peroxide ‘combi- 
nation with horseradish peroxidase results in oxidation of the protein to 
Compound I, formally 2 equivalents above the ground state resting enzyme 
(ferric state). One-electron reduction of Compound I brings the protein into 
Compound 11, oxidized 1 equivalent above the resting enzyme. Mossbauer 
data indicate similar iron electronic states for both Compound I and 
Compound 11. Magnetic susceptibility studies indicate a triplet ground state 
( S  = 1) for Compound 11. Consequently, it may be concluded that the 
electronic structure for these two oxidized intermediates is as depicted in 
Fig. 2E. Similar, but not identical, oxidized intermediates are formed as a 
result of the hydrogen peroxide oxidation of cytochrome c peroxidase. 
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Besides the immediate coordination sphere of the haem there are other 
features of the haem crevice that have been considered to be important to 
protein function. Overall structural differences in the protein, that is, 
structural comparisons of cytochromes, peroxidases and haem-globins, par- 
ticularly in the haem crevice, are undoubtedly relevant to a protein’s func- 
tion. Knowledge of the three-dimensional structure of proteins of interest 
is important to understanding articles such as this and those cited herein. 
Whereas structural comparisons are outside the scope of this book the 
reader is referred to two books containing extensive structure graphics,839 
in addition to the original literature. 

These sources show that for b-type, ligand binding haem proteins several 
amino acids on the ligand binding side of the haem plane are situated in 
positions to affect ligand binding. The haem ligand binding site, on the 
distal side of the haem, is bordered by the E helix of the polypeptide chain 
in haemoglobins and myoglobins. Several amino acid side chains extend 
from the E helix toward the ligand binding site. For example, histidine E-7, 
the distal histidine (as opposed tb the proximal histidine that coordinates 
the iron ion), and valine E-11 occur in this structural region in normal 
mammalian myoglobins and haemoglobins. Other haem proteins have 
similar distal amino acids. In addition to the distal amino acids there are 
many possible haem contacts with amino acid side chains. Notable among 
these is the phenylalanine CD-1 that occurs in human haemoglobin subunits 
and in myoglobin. It is noted from the structures that this residue is 
positioned on the distal side of the haem so that the plane of its aromatic 
ring lies coplanar to the porphyrin ring.839 This geometry has suggested the 
possibility of T-  T interactions. Similarly in myoglobin, histidine FG2 
appears on the proximal side of the haem and lies approximately parallel 
to it. These are two specific haem-protein contacts that are important to 
the information that follows; however, many such contacts occur. 

C. Paramagnetic shifts 

A paramagnetic haem iron ion has a dramatic influence on the NMR 
spectrum of a haem protein. The unpaired electron spins possess large 
individual magnetic moments which result in large magnetic fields at nearby 
nuclei. Consequently, the observed shifts for protons in the vicinity of a 
paramagnetic ion are quite large. In paramagnetic haem proteins observed 
proton shifts may range up to 150 ppm to high frequency and up to as much 
as 70ppm to low frequency from a diamagnetic reference. Carbon shifts 
are much larger and an observed shift range of approximately 2500ppm 
has been observed for ferric porphyrin complexes and met-haem proteins. 
Nitrogen shifts are somewhat smaller, with a range of about 1300ppm 
having been observed. The theory that accounts for these large shifts has 
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been described in detail" and the essentials have been previously 
re~iewed.~*~~'* '  Recently, the current theory has been critically reviewed.' 
The conclusion that remains is that, although the present theory is compli- 
cated and rather unsuccessful in precisely calculating the observed shifts, 
it is very useful for understanding the source of interactions between nuclei 
and hyperfine fields in paramagnetic molecules. In fact, for highly sym- 
metrical ferric porphyrins great insight into bonding effects has been the 
direct result of NMR experiments interpreted in terms of existing the~ry .~ '~ ' ' '  
With the assumptions that the unsymmetrical natural porphyrins, even when 
included in the protein, behave in a fundamentally similar manner to the 
ferric porphyrin models, great insight can be gained concerning a haem 
protein's solution structure and function. 

Given a firm realization of the limitations and approximations inherent 
in describing the paramagnetic shift phenomenon, it will be of value to 
describe the salient features for purposes of understanding later parts of 
this article. There are two contributions to the paramagnetic shift (hyperfine 
shift, isotropic shift), the contact and dipolar (pseudocontact) terms. 

Spars = + 8dip (1) 

Thus, the paramagnetic shift is seen to be the difference between the shift 
of a given nucleus in the paramagnetic molecule and its shift in a diamagnetic 
molecule of the same structure. Frequently, in ferric porphyrin and met- 
haem protein work the paramagnetic shifts have been reported for haem 
ring protons. In these cases the diamagnetic reference has been the zinc 
porphyrin." In terms of the observed resonance shifts, which are now most 
frequently reported, there are both diamagnetic and paramagnetic contribu- 
tions. 

sobs = Sdia+ Spars (2) 

The contact shift (a,,,) has as its origin scalar coupling between electron 
spins and a given nucleus. In the most general case Kurland and McGarvey 
derived an expression for the contact shift in terms of the principal com- 
ponents of the electron g tensor (gii) arld the molecular magnetic susceptibil- 
ity tensor (xii):'* 

In this equation A B / B o  represents the part of the observed shift, as a 
function of the applied magnetic field Bo, that is due to the contact interac- 
tion. In the case where a single spin level with an isotropic g tensor is 
populated, and in the limit of validity of the Curie law, this equation reduces 
to the simpler form generally applied to iron porphyr in~:~*~* '  '-13 

( A B /  Bo)'O" = - A g p S ( S +  1)/3')"hkT (4) 
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where A, the scalar, or hyperfine coupling, appears in these equations as a 
result of the scalar coupling, g is the electronic g factor, S is the total 
electron spin quantum number, and yN is the nuclear gyromagnetic ratio. 
The basis for interpreting the contact contribution, to the observed shift, 
in terms of metal ligand covalency originates in a relationship derived by 
M~Conne l l ' ~  that relates AH, the hyperfine coupling between a free radical 
and a proton on an aromatic fragment, to the unpaired spin density of the 
electron at the carbon to which the proton is attached, pc: 

AH = QPCl2S ( 5 )  

Q is a constant (-63 MHz) for a given type of proton and strictly speaking 
must be evaluated independently for different aromatic systems. However, 
the greatest usefulness for equation (5) in ferric porphyrin systems has been 
due to the qualitative predictions that can be made rather than quantitative 
calculations. In this respect, the fact that Q has a negative value for protons 
directly attached to aromatic carbons indicates that positive n- orbital spin 
density at the aromatic carbon results in low frequency proton shifts. Q for 
methyl groups attached to aromatic fragments is positive and not quite a 
constant, even for closely related structures, and high frequency shifts are 
predicted for protons of a methyl group attached to an aromatic carbon 
possessing positive unpaired electron spin density in a T type orbital. The 
value of equation (5) is its prediction that substitution of a methyl group 
by a proton (or vice versa) on the porphyrin ring will yield observed single 
proton and methyl group shifts of opposite direction and of approximately 
equal magnitude" if the unpaired spin density that is delocalized in the 
porphyrin molecular orbitals is predominantly of n- nature. 

In the case where unpaired electrons incompletely fill only n- type iron 
d orbitals, populating these by both unpaired electrons and holes, n- type 
delocalization of unpaired spin density can occur (low spin Fe3+; Fig. 2). 
In principle for iron porphyrins both ligand-to-metal and metal-to-ligand 
charge transfer can occur. It is important to note that two e-type porphyrin- 
centred n- molecular orbitals are of appropriate energy to interact with the 
iron ion e-type d orbitals (d,,, dJ. The 3e(n-) is the highest filled porphyrin 
orbital. As a result, metal ligand covalency involving this orbital is of the 
ligand-to-metal charge transfer type. The 4e( n-*) is the lowest lying unfilled 
n- molecular orbital on the porphyrin and would be involved in metal-to- 
ligand charge transfer. Because these two porphyrin centred molecular 
orbitals involve differing electron densities at different carbon positions on 
the porphyrin ring, the pattern of proton and carbon contact shifts, in 
principle, can be used to identify the symmetry properties of the n- type 
orbital that contains the unpaired spin density." In reality magnetic 
anisotropy occurs in low spin ferric haems, so the observed paramagnetic 
shifts are not entirely contact in origin. Consequently, any analysis must 
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involve separating the magnitudes of both dipolar and contact contributions 
to the observed shifts, so that the contact shift pattern alone may be analysed. 

High spin ferric ions possess a totally symmetric electronic ground state 
(6A) with an isotropic g tensor. Thus, to a first approximation the dipolar 
shift is zero, leaving only the contact shift to account for the observed 
spectra. Evidence for both u and 7~ delocalization mechanisms has been 
presented in studies of high spin ferric porphyrins." Moreover, the neglect 
of dipolar shifts in high spin ferric systems is not strictly correct. Theory 
reveals that dipolar shifts can, in fact, result as a consequence of anisotropy 
in the zero field splitting,'0.12 although the magnitude of the dipolar shift 
contribution may be quite small in comparison with the contact shift 
contribution. 

The dipolar, or pseudocontact, contribution to the paramagnetic shift 
results from through-space dipole coupling of the nuclear and electron 
magnetic moments. For carbon a term that is ligand centred must be added 
to the metal centred terms that are given in the following equations. The 
general equation is" 

(-) AB dip = -t{ [x, .-f(xxx+x,)l(  3 COS, r3 e - 1 ) 
Bo 

sin2 e cos 2~ 

where r is the metal-nucleus distance vector and the first and second terms 
in parentheses are the axial and rhombic geometric factors. The angles 8 
and R are, respectively, the angle between r and the z-axis of the molecule 
(frequently the principal symmetry axis) and the angle described by the 
projection of r on the x,y-plane and the x-axis. For metal porphyrins the 
z-axis is commonly the axis perpendicular to the haem plane (at least to a 
first approximation) and in proteins may include the iron-proximal histidine 
bond. With several simplifying assumptions that are generally not valid 
for either iron porphyrins, or haem proteins, equation (6) can be expressed 
as 

In particular, this equation is valid only for a single spin and in a molecule 
with axial symmetry. In fact, low spin ferric haem proteins exhibit highly 
anisotropic g tensors. For example, ferric cytochrome c from horse 
yields g, = 1.24, g, = 2.24, g3 = 3.06. As indicated later, knowledge of the 
magnitude of the dipolar shift and the three-dimensional structure of a 
protein can permit determination of the magnetic anisotropy. 
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In summary, it can be stated that, although the theoretical description of 
paramagnetic shifts is not good enough to permit quantitative calculations, 
the trends that these equations predict have been extremely useful in deriving 
information from both ferric porphyrins and haem proteins. Crucial to 
intepretations of haem protein data in these terms is the observation that 
a great amount of data indicate comparable shift contributions to corre- 
sponding protons in complexes of natural and synthetic porphyrins with 
identical axial l i g a n d ~ . ~ . ' ~  This provides a foundation for interpreting haem 
protein NMR spectra. 

It is important to note that the explicit form of the observed shift includes 
the inverse temperature (equations (4) and (7)). For paramagnetic haem 
proteins the observed shifts are temperature dependent, a fact that can be 
used to advantage when resonances overlap. Obtaining spectra at different 
temperatures may improve resolution. One must also keep in mind the 
importance of reporting the temperature at which spectra are taken when 
studying paramagnetic haem proteins. 

D. Paramagnetic effects on relaxation 

The effect of paramagnetic centres on the relaxation times of neighbouring 
nuclei is to shorten the observed TI and T2 severely. This enhancement of 
the relaxation rates ( Tl-', T2-l) is described by two factors: (i) instantaneous 
dipole-dipole coupling between nuclei and unpaired electrons; (ii) 
hyperfine exchange coupling via the contact interaction. These two mechan- 
isms are accounted by equations (8) and (9). The correlation times 
rc and re for the 

1 1 y;g2s(s+l)p2 - 
T2,M l5 r6 

fluctuations of the coupled magnetic moment vectors due to the dipolar 
(first term) and scalar (second term)interaction are generally considered to 
consist of several components. These include the rotational correlation time 
(7,) for molecular tumbling and the electron spin-lattice relaxation time 
( T I = )  as well as exchange correlation times when chemical exchange is 
important. In these equations g is the electronic g factor of the ion, yI is 
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the nuclear gyromagnetic ratio, ws and wI are the electron and nuclear 
Larmor frequencies (respectively), S is the total electron spin quantum 
number and A is the scalar (hyperfine) coupling. 

A simple equation is obtained when several restrictive approximations 
are made, including isotropic dipolar coupling and the fact that TI, domi- 
nates T~ and 7,. The relative merits of making these assumptions have been 
d isc~ssed;~*~*’  ‘,I6 however, for the purposes of this discussion the form of 
the equations is of primary importance. The simpler equations (10) are 
given in the fast motion limit; the important feature relative to the subsequent 
discussion is the r6 dependence of Tl. 

TIN-’, TZN-’ = :[ S(  S + 1) g’p’ yNz/ r6] T~ + $S( S + 1) (A/ h ) ’ ~ ,  ( 10) 

An additional term contributes significantly to T2-’ and therefore the 
observed linewidth. This term involves molecular tumbling modulation of 
the dipolar interaction between nuclear moments and the thermally averaged 
electron spin magnetic m~ment . ‘~’’~ Under the same conditions as equation 
(10) the expression for this “Curie spin” contribution is defined by equation 
(11) .  

For several cases the dipolar term in the relaxation equations dominates. 
This is true for both TI-’ and T2-l. However, for large proteins that are 
rotating slowly ( T~ = lo-* s) the Curie spin mechanism becomes important, 
especially at the higher fields now in common use for protein studies (4-11 
Tesla). A description of the experimental detection of Curie spin line 
broadening is presented later. 

The presence of a Curie spin effect may complicate the assignment of 
protons in low spin ferric complexes when the relaxation method is being 
employed. When the magnitude of the Curie spin effect can be eliminated 
by using low fields, or factored out by measuring linewidths at several 
applied fields, spin-lattice relaxation times can still profitably be used for 
assignments. Acknowledging the assumptions inherent in using equation 
(10) the ratio of T, values measured for any two nuclei in a molecule can 
be related to the ratio of the sixth power of their distances from the 
paramagnetic centre?” Given a value for one of the distances allows 
evaluation of the second distance. In this manner known structures for 
haems and haem proteins can frequently be used to assign unknown reson- 
ances. The haem methyl groups, with known (fixed) distances from the iron 
centre, are often used for the reference TI and F6. This method has been 
useful in making resonance assignments for the proximal and distal histidine 
protons in haem proteins. As mentioned above, the utility of these general 
equations for interpreting data has been most frequently used in proton 



92 JAMES D. SAlTERLEE 

NMR spectroscopy. Slight modifications may be required when data from 
other nuclei are to be analysed. The requirement that ligand centred effects 
be considered for interpretation of 13C data is an example. 

E. Proton spectra 

The magnitude of shifts encountered for ferric haem proteins is indicated 
in Fig. 4. This figure is a result of our work on the cytochrome c peroxi- 
dase : cytochrome c redox complex. Both proteins are in ferric states, but 

FIG. 4. High frequency region of the proton spectrum of a mixture of cytochrome c 
peroxidase and cytochrome c. The solution is 2.0 mM in each protein, 0.3 M KNO,, pD = 6.8, 
22 "C. Spectrum is taken at 360 MHz. 

the peroxidase is high spin and cytochrome c is low spin. The shift equations 
indicate a proportionality to the quantity S(S+ 1) and consequently to the 
paramagnetic moment of the iron centre through the relationship. 

gi:p2s(s+1) 
3kT 

Xii = 

Even with this rather simple picture it is obvious that larger shifts should 
appear for spin states with larger numbers of unpaired electrons. That is 
demonstrated for this spectrum by the known assignments of the peroxidase 
resonances which are broader and shifted further to high frequency. The 
assigned cytochrome c resonances exhibit smaller shifts. 

From many porphyrin model studies and assignments made in haem 
proteins some generalizations emerge concerning the shift ranges exhibited 
by haem substituents in different spin and oxidation states. In high spin 
ferric states of haem proteins the haem methyls (pyrrole substituents) 
generally occur in the high frequency region, 50-90 ppm, whereas single 
protons of the haem pyrroles (vinyl H,, propionic acid H,) occur in the 
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area of 30-60ppm to high frequency. The vinyl H, protons occur to low 
frequency. The proximal histidine NGH occurs in the region 90-120 ppm. 
The ranges are approximate and show some variation if the haem group is 
not protohaem IX. 

In low spin ferric haem proteins the haem methyls occur between 0 and 
40 ppm to high frequency, with one or two usually occurring in the region 
20-40ppm. In cyanide complexes of smaller proteins one can generally 
resolve three of the four haem methyl groups. Single protons of the haem 
pyrrole substituents exhibit shifts further to low frequency from the methyls, 
but due to the dipolar (pseudocontact) shift resonances attributable to the 
protons of neighbouring amino acids may also occur in the range 10-30 ppm. 
Again, haem vinyl H, resonances occur to high frequency whereas H, 
resonances occur to low frequency. For c-type cytochromes the coordinated 
methionine methyl group lies in the range -1 5 to -30 ppm. Several other 
methionine single protons lie to low frequency but with smaller shifts. In 
deuteriohaemin reconstituted, cyanide ligated ferric b-type proteins ( S  = 

1/2) the 2,4-H haem pyrrole resonances lie characteristically to low 
frequency as far as 30 ppm. 

For the ferrous high spin case (S = 2) very small shifts are observed for 
the haem sub~ t i tuen t s~ '~~"  with haem methyl resonances in the low frequency 
region 5-20 ppm. In deuteriohaemin reconstituted proteins the pyrrole 2,4-H 
resonances occur in the region 40-70ppm. In 90% H 2 0  solutions where 
exchangeable protons are seen the proximal histidine proton resonances 
occur in the range 50-75 ppm. 

These shift ranges are only guidelines to serve as a first introduction to 
the correlation of observed shift positions with spin and oxidation state. 
For the purposes of this report many types of shifts appear in the tables 
that follow. For protons all of them are reported relative to 2,2-dimethyl-2- 
silapentane-5-sulphonate (DSS). For I3C and 15N the references employed 
are stated in the tables. High frequency shifts are taken as positive. In some 
instances authors have not reported the shifts for spectra that they present. 
Consequently, the shifts have been estimated from published spectra using 
various measuring devices. Errors are expected to be less than 0.5 ppm in 
such cases. 

11. ASSIGNMENT METHODS 

A. General 

Achieving unambiguous resonance assignments is the prerequisite to 
realizing the full power of NMR in spectroscopic studies of haem proteins. 
Although there are some aspects of the solution behaviour of these proteins 
that can be studied in the absence of assignments, when specific resonance 
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assignments can be made for a given protein a barrier to detailed understand- 
ing of the molecular level events accompanying the protein's function is 
surmounted. 

Specific deuterium labelling of protohaem IX and subsequent reconstitu- 
tion into b-type haem proteins has become the most reliable and best used 
method for making unambiguous assignments of haem protons. The syn- 
thetic work of G. W. Kenner, Kevin Smith and their co-workers stands as 
a monument to great effort that has borne significant results in this regard. 
Without this pioneering synthetic ~ o r k ~ ' - ~ '  the great expansion in our 
understanding of haem protein function that has taken place since 1978 
would have been virtually impossible. 

Prior to the use of isotopically enriched haems, model systems played a 
major role in interpreting haem protein NMR spectra. This aspect has 
recently been r e ~ i e w e d . ~  Illustrative of this method is the vinyl proton 
assignment made in met-myoglobin cyanide, which is based on the Curie 
behaviour of the spectrum of low spin ferric porphyrin Two 
other methods, useful for resonance assignments, are discussed in the 
following sections. As for the use of model systems, employing nuclear 
Overhauser effects (NOE) and calculations based upon the current theory 
of the origin of paramagnetic shifts, each may be helpful when isotopically 
enriched porphyrins are unavailable, or for other reasons may not be 
employed. 

B. Resonance assignments using deuterium labelled protohaem IX 

Reconstituting b-type haem proteins with specifically deuteriated pro- 
tohaem IX is relatively easy and the procedures are well known. Such a 
procedure leads to unambiguous resonance assignments; however, it is 
important to determine whether reconstitution procedures produce spectro- 
scopically indistinguishable results compared to the native protein. This 
method has been used in making assignments in high spin ferric proteins 
such as met-myoglobin (Figs 5-7, Table 1) and peroxidases (Figs 8-13, 
Tables 2, 3). As described above, the ferric high spin proteins demonstrate 
large paramagnetic shifts of protons belonging to the haem group. Con- 
sequently, unambiguous assignments can be made for all haem methyl 
groups, most vinyl protons and, in fortuitous cases, the meso protons, as 
illustrated in Figs 5-13 and Tables 1-3.33-37 

In the ligated forms of ferric haem proteins the degree of paramagnetism 
attributable to the haem centre varies with the strength of the axial ligand 
field (see above). Figure 14 shows the effectiveness of making haem methyl 
assignments in thiocyanate ligated rne t -myogl~bin~~ whereas Figs 15 and 
16 indicate assignments in cytochrome c pero~idase-azide.~~ 
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vinyl-Hp c 

I I I t I I 

0 -2 -4 -6 -8 -10 
SHIFT (ppm) FROM DSS -8, 

FIG. 5. 360 MHz 'H NMR traces of the region 0-10 ppm to low frequency of DSS, of 2 mM 
protein solutions in 0 . 2 ~  NaCl in 2H,0, at p'H6.2 of (A) met-Mb-'H,O at 25°C; (B) 
met Mb-'H,O at 45 "C (the inset is peak v at 55 "C); (C) met-Mb-2H,0 reconstituted with 
[2,4-(2Hp),]haemin at 45 "C; (D) deut-met-Mb-2H20 at 45 "C. The peaks with diminished 
intensity due to deuteriation are indicated by arrows. From reference 35, with permission. 

pprn -8- 

FIG. 6. 200 MHz 'H NMR traces of the region 15-100 ppm to high frequency of DSS, at. 
27 "C and p2H 6.2 of (A) met-Mb-'H,O in 0.2 M NaCl in 2H20; (B) met-Mb-,H,O reconstituted 
with [1,3-(C2H,),]haeniin (also -80% deuteriated at 6,7-Hp's) in 0.2 M NaCl in 'H20; (c) 
met-Mb-'H,O reconstituted with [1,5-(C2H,),]haemin, in 0.2 M NaCl in 'H20. The peaks with 
reduced intensity due to deuteriation are indicated by arrows. From reference 35, with 
permission. 
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FIG. 7. 360 MHz 'H NMR traces of the region .15-90 ppm to high frequency of DSS of 
2 mM protein solutions in 0.2 M NaCl in 2Hz0, 45 "C and pZH 6.2 of (A) met-Mb-'H,O: (B)  
met-Mb-2H,0 reconstituted with [2,4-(2H,),]haemin; (C) met-Mb-2H,0 reconstituted with 
[mes~-(~H),]haemin; (D) deut-met-Mb-'H,O; (E) deut-met-Mb-2H,0 reconstituted with [2,4- 
(ZH)z]deuteriohaemin (which also has some deuteriation of meso H's). The peaks with 
diminished intensities due to deuteriation are indicated by arrows. The peaks in D and E 
marked by x probably arise from a minor component of deut-met-Mb-2H20 which has the 
porphyrin rotated 180" about the a-y meso positions. From reference 35, with permission. 

A: 1 N A T I V E  

I ' ' ' ' 1 ~ ' ~ ~ I ~ ' ~ ~  I , , ,  
90 80 70 60 DPm 

FIG. 8. Proton assignments of the haem methyl groups in cytochrome c peroxidase at 
360 MHz, 25 "C and 0.1 M KN03; (A) cytochrome c peroxidase (native), pH 7.5; (B) [1,5- 
2H6]haemin reconstituted cytochrome c peroxidase, pH 7.2; (C) [1,3-'H6] haemin reconstituted 
cytochrome c peroxidase, pH 7.5. From reference 34, with permission. 
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TABLE 1 

Chemical shifts for resolved resonances in met-aquo myoglobins.” 

met-Mb-*H,O 

vinyl H, 

pyrrole 2,4-H { j: 
6,7-H, (k) 

vinyl H, 

pyrrole 2,4-H { j: 
6,7-H, (k) 

I 

meso H { i; 
3 d  Y1, Y2. Y 

P 
q 
r 
S 

t 
U 

vinyl H, (v)‘ 

91.7 (-300)b 
84.9 
73.2 
53.2 
75.5 (-250) 
59.2 
44.9 
30.9 
46.4 
31.4 

19.56 140) 
18.1(400) 

37.4 

10.25,9.67,9.11 
-0.80 
-1.17 
-1.45 
-1.81 
-4.11 (110) 
-5.24 (200) 
-7.43 

-48 

- 27 

deut- 
met-Mb-’H,O 

97.0 (-300) 
83.7 
79.2 
55.7 
71.6 (250) 
61.2 
46.5 
30.6 

68.2 (350) 
60.3 
20.17 
17.8 

-37 

10.44,9.76,9.13 
-0.74 
-1.21 
-1.47 
-1.82 
-4.13 
-5.28 

~ ~~~ 

a Shifts in parts per million at 360 MHz, 25 “C, and referenced to internal DSS. 
Linewidth in hertz at 360 MHz, given in parentheses. 
Other meso H not clearly resolved. 
Splits into two signals at 55 OC. 
Three single-proton resonances which exhibit weak Curie behaviour (linewidth -50 Hz). 

From reference 35, with permission. 

The purely low spin paramagnetic state of b-type ferric haem proteins is 
conveniently achieved through cyanide ion binding. As described pre- 
viously, the in-plane magnetic anisotropy in these ferric complexes may be 
such that not all haem protons may be resolved. In extreme cases as few 
as half of the predicted number of haem resonances may be observed. 
Nevertheless, the importance of making unambiguous assignments remains, 
particularly since non-haem protons may exhibit sizeable paramagnetic 



TABLE 2 

Proton resonance assignments in cytochrome c peroxidase and cytochrome c peroxidase-F. 

Cytochrome c peroxidase Cytochrome c peroxidase-F 

Assignment observed hyper." av.b spread observed hyper. av. spread 

Methyls 
5 80.7 77.1 64.7 61.1 

53.8 (-1000) 50.2 54 13.4 
60.8 51.2 

71.5 67.9 1 
8 68.4 (-550) 64.8 
3 59.7 56.1 51.3 47.7 

2- a 38.5 29.9 
4- a 47.5 (-500) 38.9 

21 -66 

Vinyls 

9 -34 

2-P 
4-P 

-10.8 (-200) -17.1 
-8.3 -14.6 

-15.8 2.5 

Shifts in ppm at 25 "C, referenced to residual H'HO, reported relative to external DSS; linewidths given in parentheses in Hz 

Hyperfine, or isotropic resonances obtained by referencing observed shifts to their corresponding diamagnetic positions. 
Average shift position for like protons. 

at 360 MHz; negative sign indicates to low frequency of DSS. 

From reference 34, with permission. 
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A 

99 

1 ' ' ' ' 1 " ' ~ 1 ' ' ' ' I ' ' ' ' I ' ' " I " " l ' ' ' '  
100 90 60 70 60 50 '10 30 ppm 

B 

v4&- - 
J---- 

r - - I ' " ' I " ' ' I " ' ,  
0 -10 -20 ppm -30 - Y O  

FIG. 9. (A) Single haemin proton assignments for cytochrome c peroxidase at 360 MHz, 
pH 7.1-7.5, 25 "C; high frequency proton hyperfine shift region between 32 and 56 pprn, of 
cytochrome c peroxidase reconstituted with various deuteriated haemins: (A) cytochrome c 
peroxidase; (B) [2,4-P-'H4]haemin cytochrome c peroxidase; (C) [2,4-a2H,]haemin cyto- 
chrome c peroxidase; (D) [4-'H3]haemin cytochrome c peroxidase. Fig. 9B. (B) Low frequency 
single-proton assignments for cytochrome c peroxidase at 360 MHz, 25 "C. From reference 
34, with permission. 

dipolar (pseudocontact) shifts and complicate the observed spectrum. For 
example, the assignments shown for cytochrome c p e r ~ x i d a s e - C N ~ ~  in Figs 
17 and 18 and horseradish p e r ~ x i d a s e - C N ~ ~ * ~ ~  in Figs 19 and 20 indicate 
that a significant number of non-haem resonances occur in the hyperfine 
shift region outside the 0-10 ppm diamagnetic proton region. A large number 
of resonance assignments are summarized in Table 4 for ligated b-type4' 
ferric haem proteins containing protohaem IX. Shifts and assignments of 
cyanide ligated ferric proteins that were reconstituted with unnatural deriva- 
tives of protohaem IX are presented elsewhere in this article. 



TABLE 3 

Chemical shifts for horseradish peroxidase and deuterio-HRP. 

Horseradish peroxidase 

change‘ in shift Changed in shift Deuterio-HRP 
Peak” Assignment shiftb at “pH” 7.0 with “pH” with IPA shiftb at “pH” 7.0 

N,H 
5-CH3 
1-CH3 
8-CH3 
3-CH3 
vinyl H, (2?) 
vinyl h, (4?) 

propionic acid 
H,’s (?) and 
proximal 
histidyl HB’s (?) 

95.8 
78.6 
71.9 
68.3 
52.6 
69.5 
45.9 
51.3 
48.8 
44.4 
40.4 
36.7 

1 .o 
0.6 

-0.7 
0.8 
0.3 
0.3 
0.3 

-0.3 
2.1 
1.6 
0 ‘  

-0.3 

-0 
-0.7 

2.3 
-0.3 

0.3 
0.8 
0.3 

-0.3 
- 

0.9 
1 .o 
1.3 

95.7 
69.8 
59.6 
85.7 
69.6 

-58 
49.7 
42.2 
40.9 
36.0 



m1 33.2 0.9 1.4 34.8 

n1 to P1 11.7, 11.3, 10.6 0.05, 0.06, 0 0 11.3, 10.9' 
a' -0.24 0 0 -0.12 
b' -0.57 0 0 

d' -1.19 0 0 -1.22 
e; -1.71 -0.11 -0.1 - 

- 

CI -0.67 0 0 -0.60 

f; -2.35 -0.04 -0.2 -2.33 
9; - 2.65 -0.05 0 -2.65 

- h; -3.96 -0.05 0 
i; vinyl-H, (trans?) -5.57 -0.11 -0.2 
j: vinyl-H, (trans?) -6.10 -0.30 - 
k: -8.9 0.2 0.3 -6.3 

The peak designations are as indicated in Fig. 1; the subscript refers to the number of protons giving rise to the peak, if 

Shift in ppm at 35 "C, in 0.2 M NaCl 'H'O, referenced to internal DSS. 

Change in shift (in ppm), upon addition of a 30-fold excess of IPA; high frequency shifts are positive. 
Not resolved. 

determinable. 

' Change in shift (in ppm) upon lowering the "pH" from 7.0 to 5.2; high frequency shifts are positive. 

From reference 33, with permission. 
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CCP -FLUOR 1 OE n 

FIG. 10. Proton assignments of the haemin methyl groups in cytochrome c peroxidase-F 
at 360 MHZ, 0.1 M KNO,, 25 "C: (A) cytochrome c peroxidase-F, pH 7.55; (B)  [ 1,5-*H6]haemin 
reconstituted cytochrome c peroxidase-F, pH 7.65; (C) [1,3-2H6]haemin reconstituted cyto- 
chrome c peroxidase-F, pH 7.40. From reference 34, with permission. 

The use of deuterium labelled porphyrin substitution for assigning haem 
resonances in ferrous forms of proteins has also been reported (reference 
41 and ref. 26 therein) although the information content relative to that in 
the ferric forms has been q~es t ioned .~ '  Linewidths in this haem electronic 
state are substantial even though the maximum deshielding is less than 
18 ppm for haem substituents. The consequence of this state of affairs is 
that lower resolution is a complicating factor. 

Aside from facilitating traditional lines of NMR and biochemical inquiry, 
the use of deuterium labelled haems has had a major impact on the 
controversy surrounding the origin of haem related multiple protein forms. 
For example, several proteins show multiple sets of paramagnetically shifted 
resonances as indicated in Table 4. One of the earliest quantitative NMR 
studies that revealed the simultaneous presence of two protein forms was 
the work of Keller and WUthrich4' on cytochrome b, (Fig. 21). Their original 
interpretation of the spectral heterogeneity was that it was due to isomeriz- 
ation of the amino acid proline. This is a completely reasonable interpreta- 
tion given the fact that, whereas multiple positions for amino acid side 
chains are known: the idea that the haem group might not enjoy the unique 
positioning within the protein inferred by crystallographers is a drastic 
concept. Nine years passed before LaMar and co-workers4' demonstrated 
that two haem orientations, related by a 180" rotation of the haem about 
the a-y meso axis (Fig. 22), exist in cytochrome b,. These later data (Fig. 
23, Table 5) rely upon reconstitutions using selectively deuteriated pro- 
tohaem IX and derivatives of protohaem IX. Further work has demonstrated 
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2,4-CH, 

E 

SHIFT (ppm) FROM DSS -&*4 

FIG. 1 1 .  High frequency portion of  the 360 MHz proton NMR spectra of native horseradish 
peroxidase (A); [ 1,3-(CZH,),]HRP (B); [l,5-(C2H,)2]HRP ( C ) ;  [a ,p,y,S-me~o-~H,]HRP (D); 
and [2,4-(a-C2H),]HRP (E) in ’H,O at 35 “C, “pH” 7.0. The peaks with reduced intensities 
clearly indicating deuteriation are marked with arrows. The samples in traces B and C had 
been in ’H20 for over 2 weeks so that the exchangeable peak a, is lost. From reference 33, 
with permission. 

that this effect occurs in the native, ferric haemoglobins of Chironomous 
thummi t h ~ r n m i ~ ~ - ~ ’  larvae, the marine annelid Glycera d i b r a n ~ h i a t a ~ ~  and 
sperm whale m e t - m y ~ g l o b i n . ~ ~ * ~ ’  This disordered haem phenomenon is also 
apparent in proteins reconstituted with protohaem IX derivatives that do 
not naturally occur, including my~globin,~’  cytochrome c peroxida~e,’~ 
horseradish peroxidases4 and human h a e m ~ g l o b i n . ~ ~  
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TABLE 4 

Observed proton shifts ou assigned haem substituents in several variously ligated ferric haem 
proteins. 

Haem methyls 
emp. 1. 

Protein ("C) PH 1 3 5 8 

Sperm whale Mb-CN 
Soybean Lb-CN 
C. thummi thumwii (I) Hb-CN 
C. thummi thummi (111) Hb-CN 
C. thummi thummi (111) Hb-CN 
C. thummi thummi (IV) Hb-CN 
C. thummi thummi (IV) Hb-CN 

HRP-CN 
H RP-deutC N 
Cytochrome b, 
Cytochrome b, 
Sperm whale Mb-OH 
Sperm whale Mb-SCN 
Sperm whale Mb-Im 
Sperm whale Mb-N3 

Soybean Lb (nicotinate)d 
Soybean Lb (pyridine)d 
HbA-CN 

CCP-CN 

CCP-N~ 

Carp Hb-CN 

Carp Hb-CN 

HRP compound I 
HRP-deut-compound I 

25 6.8 
25 8.3 
25 1.3 
25 6.0 
25 6.0 
26 6.0 
25 6.0 
24 7.2 
35 7.0 
35 7.0 
25 8.0 
25 8.0 
25 11.1 
25 6.8 
25 8.3 
25 7.2 
24 7.4 
25 7.2 
25 5.3 
25 6.5 

25 6.6 

25 9.0 

25 7.0 
25 7.0 

18.7 
17.0 

20.6 
21.7 

19.4 20.9 

18.5 
31.2 
25.0 

22.3' 26.3 
11.9 14.1 

30.8 
25.0 31.7 
48.9 54.1 
25.9 
26.2 
25.8 36.8 

19.5 
21.7 

15.1 (a) 
15.0 ( P I  
16.4 (a) 
16.1 ( P )  
21.4 (a) 
20.9 ( P I  

51.8 90.2 
71.5 15.3 

27.4 13.0 
19.5 

26.8 
28.9 

28.4 

27.3 
29.8 

27.6' 31.6 
22.0 2.7 

27.3 
35.2 35.2 
61.2 65.4 
39.0 15.9 
31.6 24.4 
31.9 38.9 

27.9 
29.8 

27.9 

27.9 

21.8 (a) 

21.9 (a) 

17.8 (a) 
16.9 ( P I  

21.5 ( P I  

21.9 ( P )  

74.6 10.3 
59.3 51.1 

Shifts inferred from assignments of CTT(II1)-CN and CTT(1V)-CN. 
Major component. 
Minor component. 
These reported assignments are likely to be wrong in view of the incorrect assumption 

made in the NOE studies. Although unproven, the probable correct assignment is 1 = 19.5 and 
21.7, respectively, and 5 = 27.9 and 29.8, respectively, for the nicotinate and pyridine ligated 
forms. 

Deuteriohaemin reconstituted HRP-CN exists in two different haem orientations; the 5,1 
shifts are for a different orientation from the 8,3. 
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TABLE 4 (conf.) 
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Haem vinyl groups 

2 a  2 p  (cis) 2P (trans) 4 0  4P 4 p  6,7 pCH, Ref. 

17.9 -1.78 
16.5 -6.9 

27.6 -6.9 

17.6 -2.9 

-2.44 
-5.1 

-7.1 

- 5.6 

18.3 -3.14 -3.32 
16.5 -4.06 -3.29 
22.9 -2.51 -3.70 
17.3 -3.78 -3.27 
20.3 -4.15 -4.70 
15.9 -4.0 -2.2 

18.0 

22.7 -8.5 -10.5 
21.4 -8.7 -10.6 

25, 36 

44, 46, 128 
44,46, 128 
44,46, 128 
44,46, 128 
44, 46, 128 

38, 39, 41 

13.2, 11.6 84 

-2.2 37 

60 
40 
40 
36 
36 
36 
36 
37 

15.5, 13.2 82, 83 
22.9, 13.1 82,83 

161 
161 
161 
161 
161 
161 
96 
96 
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FIG. 12. Low frequency portion of the 360 MHz proton NMR spectra of native horseradish 
peroxidase (A); [2,4-(P-C2H,),]HRP (B); and deuterio-HRP in ’H,O at, 35 “C, “pH” 7.0 (C). 
The peaks with reduced intensity due to deuteriation are marked by arrows. From reference 
33, with permission. 
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FIG. 13. High frequency portion of the 360 MHz proton NMR spectra of native horseradish 
peroxidase (A); deuterio-HRP (B); [ 1,3-(C2H,),]deuterio-HRP (C); [ 1,5-(C2H,),]deuterio- 
HRP (D); and [2,4-('H),]deuterio-HRP (E), all in 'H,O at 35 "C, "pH" 7.0 The peaks in B 
designated by x arise from the deuteriohaemin orientation, differing by 180" in rotation about 
the meso axis, from that exhibiting peaks b to e. Deuterio-HRP indicates HRP reconstituted 
with duteriohaemin. From reference 33, with permission. 
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1 1  

FIG. 14. Regions of the proton NMR spectra containing the haem methyl resonances at 
25 "C, and referenced to internal 2,2-dimethyl-2-silapentane-5-sulphonate o f  (A) native met- 
Mb-SCN; (B) met-Mb-SCN reconstituted with haemin deuteriated at methyl-1 (approx. 65%)  
and methyl-4 (90%); (C) met-Mb-SCN reconstituted with haemin deuteriated at methyl-1 
(40%) and methyl-3 (60%). All proteins are in 0.1 M phosphate buffer, p2H 6.8 (arrows indicate 
diminished intensities). Each of the peaks at 49 and 54 ppm contains a methyl and an additional 
single proton peak. From reference 36, with permission. 

3 8  5 1 

A 

FIG. 15. Assignment of haemin methyl resonances in CcP-N, by deuteriation: (A) native 
CcP-N,; (B) [1,5-2H,]haemin-CcP-N3; (C) [1,3-'H,]haemin-CcP-N3. The enzyme was in 
0.1 M KNO,, pHO,, pH 7.4, 24 "C. From reference 37, with permission. 
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FIG. 16. Assignment of single proton resonances in CcP-N,, by reconstitution with deuteri- 
ated haemins: (A) native CcP-N,; (B) [2,4-'H4]haemin-CcP-N,; (C) [4-*H,]haemin-CcP-N,; 
(D) [2,4-ZH,lhaemin-CcP-N,. Conditions are the same as described in Figure 15. Arrows 
indicate peaks displaying decreased intensity as a result of deuteriation. From reference 37, 
with permission. 
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FIG. 17. Assignment of haemin methyl protons by deuteriation: (A) native CcP-CN; (B) 
CcP, reconstituted with [1,5-*H6]haemin; (C) CcP reconstituted with [ 1,3-ZH6]haemin. The 
enzyme was in 0.1 M KNO,, pH 7-7.4, at 24 "C. From reference 37, with permission. 



TABLE 5 

Hyperhe shifts at 25 O C  (ppm, relative to DSS) for native and reconstituted ferricytochrome b,. 

Protohaemin Pemptohaemin Isopemptohaemin 

Assignment major minor major minor major minor Deuteriohaemin 

1-CH3 
3-CH3 
5-CH3 
8-CH3 
2-C"H 
2-CB H (c is )  
2-CB H (trans) 

4-CB H 
4-CB H 

4-H 
Im 2-H?' 
Im 4-H? 

4-C" H 

2-H 

11.7 (X,) 
14.4 (X,) 
21.8 (X,) 

27.1 (X,) 
-6.8 (X,) 

a - 

-7.0 ml0) 
- 

n - 
- 

- 13.6 (XI,)  
12.9 (x12) 

- 
30.8 (Y3) 

27.3 (Y,) 

- 

-16.1 (Yll) 
N.L. 

12.1 (X,) 

21.0 (X,) 
14.5 (X,) 

N.L. 

N.L. 
N.L. 
N.L. 

-29.1 (X;) 

-14.0 (Xll) 
N.L. 

N . L . ~  
30.4 (Y3) 

N.L. 
20.3 (Y,) 

N.L. 
N.L. 
N.L. 

-21.6 (Y;) 

N.L. 
N.L. 

11.8 (XI)  
16.2 (X,) 
19.2 (X,) 

23.0 (X,) 
-7.4 (X,) 
-6.8 (XIO) 

N.L. 

-4.4 (Xi)  
-14.2 (Xll)  

N.L. 

N.L. 
31.0 (Y3) 

N.L. 
27.4 (Y8) 

N.L. 
N.L. 
N.L. 

-11.3 (Y;) 
N.L. 
N.L. 

12.9 (X,) 
16.3 (X,) 
18.7 (X,) 

N.L. 

-28.2 (x;) 
-4.8 (Xi) 

-15.6 (XI,)  
N.L. 

-, these resonances remain unresolved in the diamagnetic envelope 9-0 ppm. 
N.L., not located. 
?, tentative. 

From reference 40, with permission. 
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FIG. 18. Assignment of haemin vinyl protons by deuteriation in CcP-CN. Both high- and 
low-frequency regions are shown in this figure: (A) native CcP-CN; (B) a-vinyls deuteriated; 
(C) 4-vinyl group perdeuteriated (both a and p protons); (D) P-vinyl protons deuteriated. 
From reference 37, with permission. 

C. Multiple irradiation techniques 

The use of multiple irradiation methods, including various dynamic NOE 
experiments, for making protein assignments has been p i~nee red . ' *~~-~ '  The 
general technique is to employ one or more of the following methods to 
make assignments in the diamagnetic (ferrous) form of the haem protein: 
steady state NOE, transient NOE, truncated driven NOE and, more recently, 
two-dimensional J-resolved spectros~opy. ' ,~~ Especially for smaller haem 
proteins one can anticipate future use of two-dimensional NOE correlations 
( NOESY)56771 and spin echo correlated spectroscopy ( SECSY).57 

After assignments are made in the ferrous, diamagnetic form (or ferric, 
paramagnetic form) saturation transfer experiments may be used in solutions 
which contain a mixture of oxidized and reduced forms of the same protein 
to arrive at assignments in the other oxidation state form of the protein. As 
an example of this technique, an assigned resonance in the ferrous (diamag- 
netic) form of the protein can be saturated by irradiation, and this irradiated 
spectrum is compared with a spectrum identically accumulated, with the 
exception that the irradiation frequency has been shifted to a position where 
no resonance appears. Comparison of the two spectra is usually done in 
the difference mode. When this is carried out on a protein solution containing 
both ferrous and ferric forms, a peak that appears in the difference spectrum 
is a peak in the ferric form that is linked by saturation transfer to the 
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FIG. 19. Assignments by specific isotope labelling of the 360 MHz spectrum of HRP-CN 
at "pH" 7.0. Assigpments are shown at 35 "C in A: (i) native HRP-CN, (ii) [2,4-(a-C2H)]HRP- 
CN, and (iii) [4-a-C'HIHRP-CN. Assignments are shown at 50°C in B: (i) native HRP-CN, 
(ii) [2,4-(p-C2H2)]HRP-CN, (iii) [2,4-(p-C2H2),(r,p,S,y-meso-2H,1HRP-CN, and (iv) [6,7-(p- 
C2H2)]HRP-CN. Peaks with clearly reduced intensities due to deuteriation are marked with 
arrows, and assignments are given on the bottom (native HRP-CN) trace. From reference 39, 
with permission. 
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FIG. 20. Assignments by specific isotope labelling of the 360 MHz spectrum of HRP-CNa 
at "pH" 11.2 and 35 "C with A showing the high frequency assignments [(i) native HRP-CNa, 
(ii) [ 1,3-(C2H3)]HRP-CNa, (iii) [1,5-(C2H3)]HRP-CNa, (iv) [2,4-(a-C2H)]HRP-CNa] and B 
the low frequency assignments [(i) native HRP-CNa, (ii) [2,4-(P-CZH,)]HRP-CNa, (iii) 
[2,4-(P-C2H2),a,P,y,S-meso-2H,]HRP-CNa, (iv) [6,7-(P-CZH2)]-HRP-CNa]. Peaks with 
clearly reduced intensities due to deuteriation are marked with arrows, and assignments are 
given on the bottom (native HRP-CNa) trace. From reference 39, with permission. 



114 JAMES D. SATTERLEE 

&J,k 28 24 20 16 12 12 8 4 0 4 L 0 -2 -4 -6 -8 -10 

ppm 

FIG. 21. 220 MHz proton NMRspectrum of 0.008 M ferricytochrome b5 in 0.2 M deuteriated 
phosphate buffer (p2H 6.3) at 29 “C. The three spectral regions are represented with different 
horizontal and vertical scales. The sharp line at -8.4 ppm comes from a low molecular weight 
component which could later be removed by exhaustive dialysis. From reference 42, with 
permission. 

A 

0- I 0- 

FIG. 22. The orientation of protohaemin in cytochrome b,” in the major component (A) 
and in the minor component (B). The regions of high electron spin density are marked by 
dashed circles. The drawing does not imply conclusions as to the rotational position of 
individual vinyl groups with respect to the haem in either orientation. From reference 40, with 
permission. 

irradiated peak in the ferrous form. The choice of a peak in the ferric protein 
for irradiation is also possible. This technique is made possible by the rather 
fast electron exchange in the mixed oxidation state solution. Thus a given 
protein may exist in a rather fast dynamic equilibrium between oxidized 
(paramagnetic, ferric) and reduced (diamagnetic, ferrous) forms. 

It is important to point out that the ferrous forms of haem proteins 
become diamagnetic only when a sufficiently strong field sixth ligand is 
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FIG. 23. The high frequency portion of the 360 MHz proton NMRspectra of ferricytochrome 
b, at 25°C and pH8  in 'HzO of: (A) native protein; (B) protein reconstituted with [1,3- 
(CZH,),]-protohaemin; (C) [ 1,5-(C2H3),]-protohaemin; (D) [5,8-C2H,),]-protohaemin; (E) 
[2,4-(CZH"),]-protohaemin; and ( F )  [4-C2H=C2H,]-protohaemin. The peaks with reduced 
intensities due to deuteriation are marked with arrows; residual intensity arises from incomplete 
deuteriation at the indicated positions. From reference 40, with permission. 
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available such as CO in the b-type haem proteins and methionine in c-type 
cytochromes. The types of studies described briefly in the foregoing have 
been widely applied in cytochromes c'*-'~ and certain common myoglobins, 
haemoglobinss0.8' and l e g h a e m o g l ~ b i n . ~ ~ - ~ ~  

As an example of this method the assignments in cytochrome c-551 will 
be considered.66 This protein is isolated from Pseudomonas aeruginosa and 
contains haem c (Figs 1,24) at its active site. In addition, the porphyrin 
meso protons, a, p, y, 6 in Fig. 1, and porphyrin methyl group protons, 
1,3,5,8 in Fig. 1, have previously been identified in the NMR spectrum of 
the ferrous protein.77 Figure 24 reveals the projection of the axial methionine 

FIG. 24. Drawing of the haem group for c-type cytochromes based on the atomic coordinates 
of Pseudomonas aeruginosa ferrocytochrome c-551 obtained from the protein data bank. The 
view is perpendicular to the haem plane from the side of the axial methionine, whch is also 
indicated. The P-pyrrole positions are numbered from 1 to 8, the meso positions from LY to S 
and the pyrrole rings from I to IV. From reference 65, with permission. 

on the haem plane as defined by crystallography.6s Also the A,X coupling 
pattern of the protons of the thioether covalent bridge to the polypeptide 
chain at haem positions 2 and 4 is assigned by proton homonuclear spin 
decoupling. 



PARAMAGNETIC HAEM PROTEINS 117 

FIG. 25. (A) 'H NMR spectrum at 360 MHz of a 0.002 M solution of ferrocytochrome c-551 
in 0.05 M deuteriated phosphate buffer, pD 6.8, T =  35°C. (B  to F) NOE difference spectra 
obtained upon irradiation at the positions indicated by the arrows. The individual assignments 
of the haem c resonances obtained from these experiments (see text) are also given, where 
the four haem ring methyls and the two thioether bridges are indicated by the number of the 
P-carbon atoms to which they are attached (Fig. 1). From reference 66, with permission. 

The assignments made in this example are carried out using steady state 
NOE measurements. Figure 25 shows the proton spectrum of ferrocyto- 
chrome c-551 (A) and difference spectra obtained following proton irradi- 
ation at the resonance positions of the haem meso protons indicated by 
arrows in B-F. This figure contains the assignments which are made self- 
consistently from the NOE measurements and may be interpreted as follows. 
In Fig. 25B the meso-6 proton resonance is irradiated. According to the 
haem c structure in Fig. 24 the two closest protons are those of methyl 
resonances at haem positions 1 and 8. Consequently, these may be expected 
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to demonstrate significant Overhauser enhancements when the 6 proton is 
irradiated. It is clear from Fig. 25B that two proton resonances between 3 
and 4 ppm demonstrate intensity differences not cancelled in the difference 
spectrum, thereby indicating an Overhauser enhancement. Initially this pair 
of resonances can be ambiguously assigned to the 1,8 methyl pair. Further, 
NOE experiments provide the unique assignments shown in the figure. 
Continuing, irradiation of the a meso proton resonance (Fig. 2C) would 
be predicted from Fig. 24 to yield Overhauser enhancements to the thioether 
bridge protons at haem position 2 (two peaks) and the haem 3 position 
methyl protons (one peak). Such a pattern is observed. In this case no 
protons of the axial methionine lie close enough to the a meso proton to 
experience an NOE. Similarly, irradiation of the p meso proton would be 
expected to give a similar three-resonance difference spectrum from the 
haem 4 and 5 position substituents (Fig. 25D). From the coordinated S 
atom the methionine chain projects away from the haem, toward the viewer 
in Fig. 24, so that none of these protons is close to the haem p meso position. 
This accounts for the lack of NOE exhibited by the methionine side chain 
protons when the haem p meso proton is irradiated. Methyls 3 and 1 are 
unambiguously assigned by the NOE that each experience when position 
4 (Fig. 25E) and 2 protons (Fig. 25F), respectively, are irradiated. 

The assignments of the ferrous (diamagnetic) form haem methyl and 
meso proton resonances are thus complete. Saturation transfer experiments 

4 PPm 3 

FIG. 26. Saturation transfer experiments in a mixed solution of 98% reduced and 2% 
oxidized cytochrome c-551, T = 4"C, total protein concentration 0.002 M. The traces corre- 
spond to the differences between spectra obtained with and without double resonance irradi- 
ation at the positions indicated, which correspond to the chemical shifts of the haem ring 
methyl groups (Fig. 1 )  in ferricytochrome c-551. From reference 66, with permission. 
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in solutions containing both oxidized and reduced forms of the protein are 
then carried out. In the ferric form cytochrome c-551 exhibits four proton 
resonances of relative integrated intensity corresponding to three protons 
each at 12.6, 17.9,26.7 and 34.4 ppm. These paramagnetically shifted reson- 
ances are assigned to the haem methyls" and subsequent saturation transfer 
experiments are required for unambiguous assignment of these methyl 
groups through their correspondence to the assigned methyl groups of 
ferrocytochrome c-551. 

The experimental results are shown in Fig. 26. Irradiation at each of the 
methyl resonance positions of the ferric forms produces a series of single 
resonance saturation transfer difference spectra. In Fig. 26 these are depicted 
as the result of spectra without double irradiation from which spectra where 
double irradiation is used (at 12.6, 17.9, 26.7 and 34.4 ppm, respectively) 

TABLE 6 

Assignments of the haem c 'H NMR lines in cytochrome c-551 and hyperfine shifts of correspond- 
ing resonances in ferricytochrome c-551 and ferricytochrome c from horse heart. 

Horse heart 
Cytochrome c-551 cytochrome c 

chemical shift hyperfine shift" hyperfine shift" 
in reduced in oxidized in oxidized 

protein (ppm), protein (ppm), protein (ppm), 
Assignment T = 2 I 0 C  T = 2 I 0 C  T=35"C 

Meso proton a 
Meso proton p 
Meso proton y 
Meso proton 15 
Ring methyl 1 
Ring methyl 3 
Ring methyl 5 
Ring methyl 8 
Thioether bridge 2: 

met h i n e 
methyl 

Thioether bridge 4: 

9.81 
9.36 
9.42 
9.24 
3.69 
3.16 
3.32 
3.42 

5.91 
1.87 

-1.2 
-10.1 
-2.7 

-11.0 
21.1 3.9 
9.6 21.3 

28.8 6.9 
14.4 31.7 

0.8 -3.6 

methine 6.18 
methyl 2.44 - 2.5 0.5 

The hyperfine shift is the chemical shift difference between corresponding lines in the 
paramagnetic oxidized and the diamagnetic reduced protein. Positive numbers indicate shifts 
to high frequency. 

From reference 66, with permission. 
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are subtracted. Table 6 summarizes the assignments and hyperfine shifts 
determined in this manner for cytochrome ~ - 5 5 1 . ~ ~  

Many other cytochromes have been studied by this t e ~ h n i q u e ~ ~ - ~ ~  or its 
variations. Steady state NOE measurements are, in fact, complicated by the 
presence of spin diffusion or cro~s-relaxat ion~~-~’  which makes observed 
Overhauser enhancements less specific than would otherwise be desired. 
Transient NOE  experiment^,'.^^ which measure the establishment of Over- 
hauser enhancements as a function of time, are useful for determining 
nearest neighbours and the pathway of spin diffusion. With this technique 
experiments can be suitably tailored to avoid, or take advantage of, spin 
diffusion. 

Truncated driven NOE (TOE) measurements are another useful method 
for measuring initial NOE establishment rates.1’58*71’72’80’81 These experi- 
ments may also be used to advantage when spin diffusion poses a problem 
for selectivity in steady state NOE measurements. Until 1983 one of the 
primary uses of TOE spectra was in assignments of axial ligand resonances 
in the diamagnetic, ferrous forms of cytochromes. This has resulted in 
important structural information concerning the chirality of the axially 

I I I I 
0 -1 -2 -3 PPm 

FI 27. Region from -4 to 0 ppm of the 360 MHz ‘H NMR spectra of - xudomonas 
aeruginosa cytochrome c-551, protein concentration 2 DIM, p2H = 6.9, T =  52 “C. (A) Fully 
reduced cytochrome c-551; the sharp resonance at -2.90ppm corresponds to E-CH, and the 
four one-proton lines at -3.52, -2.72, -0.87 and -0.52 ppm to the /3- and y-methylene protons 
of the axial methionine (13). (B) Partially autoxidized solution containing -0.04% ferricyto- 
chrome c-55 1. (C) Partially autoxidized solution containing -0.4% femcytochrome c-55 1. 
From reference 78, with permission. 
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coordinated methionine in c-type During 1979 there 
appeared an article which indicated the feasibility of performing NOE 
measurements on the paramagnetic forms of haem proteins.82 Subsequently 
this application has been expanded.78*80.81.93.'65 Examples of both of these 
methods, taken from the literature, will be briefly described. 

An interesting comparison of the haem coordination geometries in 
homologous cytochromes has arisen from TOE data obtained on cytochrome 
c-55 1 from Pseudomonas aeruginosa compared with horse cytochrome c.64.78 
Figure 27 shows the low frequency proton region of cytochrome c-551. The 
axial methionine methyl resonance is shown at -2.90 ppm for c-551 in Fig. 
27 and occurs at a similar position in horse cytochrome c. The meso protons 
for the ferrous forms of both of these proteins occur between 9 and 10 ppm 
and are assigned as shown in Fig. 28. This figure also shows the time 
evolution of the Overhauser enhancement on the meso haem protons when 
the E-CH, group of the axial methionine (Fig. 1) is irradiated. Comparing 
the cytochrome c (Fig. 28A) and cytochrome c-551 (Fig. 28B) TOE 

0.1 0 -- 

I 

I 

10 9 ppm 10 9 PPm 

FIG. 28. Region from 8.5 to 10.0 ppm of the 'H NMR spectra at 360 MHz of reduced horse 
cytochrome c (A) and cytochrome c-551 (B). The top traces show the normal Fourier transform 
spectra. The previously established assignments of the meso proton resonances ($6)  are also 
indicated. For each species a series of TOE difference spectra obtained with preirradiation of 
the E-CH, resonance of the axial methionine (Fig. 2) are shown. The length of the preirradiation 
time, in seconds, is indicated with each trace. The protein concentration was 8 mM in both 
samples, which also contained 100 mM NaCl, p2H 6.4, T = 30 "C. From reference 78, with 
permission. 
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difference spectra from bottom to top shows the effect of successively longer 
irradiation of the &-CH3 group in each protein. The longer the irradiation 
time, the greater is the extent to which the Overhauser enhancement is 
driven. For cytochrome c (Fig. 28A) the a,S meso protons exhibit larger 
NOE enhancements than the other meso protons. These are significant at 
irradiation times of 0.50 and 1.0 s. The analysis depends upon the fact that 
in the TOE pulse sequence,58 [-tl(wH)-observe pulse-t, - tl(wOE reson- 
ance)-observe pu1se-t2-ln, at reasonably short tl (the time of irradiation 
of E-CH,) the TOE enhancements are considered to reflect the nearest 
neighbour distance reliably. Interpreting the data of Fig. 28 follows this 
logic. Because the a,6 meso protons exhibit the largest Overhauser enhance- 
ments the &-CH3 must be spatially nearer to these meso positions than to 
the other meso positions. Consequently a physical position shown in Fig. 
29A best fits the TOE data. 

In contrast, for cytochrome c-551 (Fig. 28B) the y,S meso positions show 
greater enhancements at tl = 0.5 s. Using similar reasoning a spatial orienta- 
tion depicted in Fig. 29B is most consistent with the data. The authors have 
correlated this different axial methionine chirality with circular dichroism 
data to show that the difference between the two cytochromes is maintained 
in the ferric p r~ te in . ' ~  They have used this information to rationalize the 
observed59966 differences in the paramagnetic NMR spectra of these two 
proteins. Similar TOE experiments could not be carried out on the ferric 

\ A .  

FIG. 29. Perspective computer drawing of the haem group and the axial methionine in (A) 
tuna ferricytochrome c (refined coordinates at 2.0 8, resolution from the protein data bank) 
and (B) Pseudomonas aeruginosa ferricytochrome c-551 (refined coordinates at 2.0 8, resolution 
obtained from Dr R. E. Dickerson). Tuna cytochrome c was selected as a representative 
example of the group of mammalian type cytochromes c which includes also horse cytochrome 
c. The view is in the direction perpendicular to the haem plane. The numbers and letters 
identify the four pyrrole rings (I-IV) and the meso protons (a -6 )  of haem c, and the a carbon 
of the axial methionine (C").  The directions of the principal axes c and y of the electronic 
g-tensor are also indicated. From reference 78, with permission. 
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forms of these enzymes. Aside from the perceived greater difficulty of 
performing TOE experiments on paramagnetic proteins, the haem meso 
protons in ferric proteins are extremely broad, frequently not observed, or 
assigned, and probably not amenable to accurate NOE-diff erence spectra 
manipulation. 

In fact, the perceived complication of observing Overhauser enhance- 
ments in paramagnetic haem proteins apparently originates in the concept 
that the paramagnetism would provide an extremely efficient and fast 
relaxation pathway, thereby rendering NOES too small to observe. However, 
it has been shown conclusively that negative steady state Overhauser effects 
can be observed in ferric haem  protein^.^^.'^^ Work published in 1983- 
198480,81*165 indicates that TOE experiments on low spin ferric haem proteins 
can be useful in assigning the resonances of amino acid residues that lie in 
close proximity to the haem. This is particularly important given the potential 
role of haem-protein contacts in determining the active site chemistry in 
haem Interpretation of TOE data in terms of group mobilities 
within the haem pocket has also been and that work has 
been chosen as an example of TOE applications in paramagnetic haem 
proteins. 

I " " 1 " " I " " I  
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FIG. 30. Low frequency portion of the 360 MHz 'H NMR spectra of met-Mb-CN in 2H20, 
"pH" 10.4, 25 "C, and 0.2 M NaCl. (A) Reference spectrum, resolving peak e (2 -Hp( t rans ) ) ,  
but with peak i (2 -HB(c i s ) )  merged with peak h. (B) Saturation of peak e, showing a NOE 
to composite peak h,i. (C) Saturation of composite peak h,i showing a NOE to peak e. (D) 
Saturation of peak f, showing an bsence of NOE to other peaks. Vertical scale x 2  for B, C, 
and D relative to A. From reference 93, with permission. 
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In the case of met-myoglobin cyanide, a low spin ferric protein (Fig. l),  
extensive assignments of hyperfine resonances to specific haem peripheral 
substituents have been carried out according to the deuterium labelling 
methods described in the preceding section. The low frequency region of 
the spectrum contains two resonances of the 2 position vinyl group: 2- 
H,(trans) and 2-Hp(cis) (see Fig. 1, Table 4). Both of these resonances 
overlap with other resonances in this spectral window; however, as demon- 
strated in Figs 30 and 31, each may individually be resolved at different 
pH values. These figures show the steady state NOE data obtained from 
irradiating the 2- H, (trans) (Fig. 30) and 2-H, (cis) (Fig. 3 1). When H, (cis) 
is irradiated the largest negative NOE is observed for the HB(trans), and 
oppositely, thereby establishing the connectivities. 

For this vinyl fragment, =CH2, a reasonable theoretical framework for 
interpreting the NOE data is a formal two spin approximation. As pointed 
out, in the TOE experiment the time dependence of the nuclear Overhauser 
enhancement vI of the observed proton’s peak, I, as a function of the time 
(T) that a second, interacting proton’s resonance, S, is irradiated is given by 

i 
k l  

C 
vy 

l ” ” l “ ” I ” ~ ~ 1  

-2  -3 -9  -5 PPm 

FIG. 31. Low frequency portion of the 360 M H z  ‘ H  NMR spectra of sperm whale met-Mb- 
CN in 2 H , 0 ,  “pH” 8.5,  25 “C, and 0.2 M NaCL. (A) Reference spectrum. Peak i has been 
assigned to the 2 - H p ( c i s )  and peak e of composite peak e,f to 2 - H p ( r r u n s ) .  (B) Steady-state 
saturation of composite peak e,f showing a NOE to peak i and decoupler spillages to peaks 
k j  and c,d; vertical scale x 2  relative to A. (C) The decoupler is positioned at e, -4.8 ppm, 
showing spillage to peaks c and d; vertical scale x 2  relative to A. From reference 93, with 
permission. 
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In this case is the cross-relaxation term that gives rise to the observed 
Overhauser enhancement and pI is the intrinsic spin-lattice relaxation rate 
of nucleus I. The time dependent build-up of the 2-H,(cis) enhancement 
as a function of irradiation time ( t l  in the TOE pulse sequence) of the 
2-HB(trans) is shown in Fig. 32. The authors have fitted these data to the 

TWE OF SATURATION. ms 

FIG. 32. Plot of time-dependent NOE of 2-HB(cis) versus time saturation of 2-HB(trans). 
Analysis of these data via in the text yields cT(cis-trans) = -6.1 Hz and pcis = 21.6 s. From 
reference 93, with permission. 

above equation to yield values of u = 6.1 s-', pcis = 21.6 s, and from this a 
calculated TI of 46ms. Subsequent selective T, measurements yield an 
experimental TI (2-Hp(cis)) value of 55 ms, reinforcing the concept that a 
two spin approximation is valid. The observed cross relaxation rate in this 
instance, vcis-rrons = 6.1 s-', is smaller than predicted by analysis of the 
spectral density function, given values used for the protein's correlation 
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time and the vinyl group interproton distance. The authors conclude that 
this difference is due to the presence of significant vinyl mobility at the 
haem 2 position. 

It is important to emphasize that, for NOE measurements to be useful 
for making accurate assignments, one unambiguous proton resonance 
assignment must be obtained. This can be done by porphyrin deuterium 
isotope labelling in ferric haem proteins as just discussed, or in the ferrous 
haem protein. In the latter case, NOE assignments are then completely 
made in the ferrous protein and saturation transfer experiments allow 
assignments in the ferric form to be made. This method is discussed above 
in regard to cytochromes c ;  however, it should be pointed out that the 
relative ease in obtaining haemins deuteriated at the meso proton posi- 
t i o n ~ ~ ~ ' ~ ~  makes this an easily instituted approach. The risk in proceeding 
without the firm assignment of at least one proton resonance is exemplified 
by an early incorrect set of assignments made for leghaemoglobin using the 
NOE method.83 These were subsequently corrected using deuterium labelled 
protohaem IX.84 

D. Assignments by comparison with model systems 

The use of iron porphyrin model systems in making resonance assignments 
in haem proteins has been r e ~ i e w e d . ~ * ~ , " ~ ~ ~  In view of the historical and 
continuing importance that model systems have had in interpretations of 
haem protein spectra it seems appropriate to describe briefly some of the 
important developments in iron porphyrin model systems since 1980. This 
survey is not intended to be exhaustive, nor will it refer to metalloporphyrin 
models other than those that contain iron, despite the fact that ruthenium 
and cobalt porphyrins have recently been advanced as models for the 
oxidized intermediates of haem peroxidase enzymes?' 

The particular uses of iron porphyrin model systems that have evolved 
since 1980 have been for modelling specific iron spin and oxidation states. 
Models can be used in the least refined approximation to illustrate how 
spectra of particular types of well characterized iron porphyrins should 
appear in comparison with actual haem protein spectra. 

One particularly interesting phenomenon has been the dramatic changes 
in the proton NMR spectrum when horseradish peroxidase Compound I is 
reduced to Compound 11. The haem peroxidases, as a class, are ferrihaem 
enzymes. Upon reaction with hydrogen peroxide horseradish peroxidase 
(HRP) and cytochrome c peroxidase (CcP) both are initially oxidized 2 
equivalents above the native state to the intermediate form named as 
Compound I.98399 HRP-I yields a nicely resolved set of hyperfine shifts.'" 
Reduction by 1 equivalent to Compound11 causes the change shown in 
Fig. 33, a loss of the well defined high frequency shift pattern.'OO*'O' For 
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FIG. 33. 220 MHz proton NMR spectra of horseradish peroxidase and its reaction intermedi- 
ates at 20 "C. All the samples are in 20 mM borate buffer at pH 9.2. (A) Ferric native horseradish 
peroxidase. (B)  Compound I. Immediately after the addition of H202 to the HRP solution, 
4K transients of the spectrum were collected. The spectrum is contaminated with that of 
compound 11. (C) Compound 11. The spectrum was recorded just after adding p-cresol 
(oxidizable substrate) to the compound I solution. The peaks located at 50-85 ppm are due 
to the native recovered enzyme. From reference 100, with permission. 

both CcP-I and CcP-I1 spectra similar to HRP-I1 are obtained (Fig. 34).lo2 
These dramatic spectral changes occur even though each of the two 
intermediate forms of both of these enzymes is thought to contain the ferryl 
moiety (iron(Iv)-oxo; F ~ ~ + = o ) . ' ~ ~ , ' ~ ~  

HRP-I is further unique in that it contains a porphyrin .rr-cation free 
r a d i ~ a l . ' ~ ~ * ' ~ ~  Furthermore, ferryl groups have been advanced as the 
molecular forms in the reactive intermediate of chloroperoxidase99~107*'08 
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FIG. 34. Proton NMR spectra at 360 MHz of the hyperfine shifted resonances of native 
CcP in the ferric, high spin state, and the oxidized intermediate (CcP-I). Spectra were recorded 
at 21 "C, pH' = 7.4. The spectrum of CcP-I was accumulated within 12 min after addition of 
hydrogen peroxide to CcP. From reference 102, with permission. 

and the product of the hydrogen peroxide reaction with my~globin.''~ 
Moreover, given the similarity in spectra of the leghaemoglobin reaction 
product with hydrogen peroxide to HRP-11, CcP-I, CcP-I1 and oxidized 
myoglobin spectra, it is possible that a ferryl compound is also present 
there."' 

Clearly, if successful modelling of the peroxidase intermediates is to 
occur, models are required of porphyrin cation free radicals and ferryl 
porphyrins. Models of iron porphyrin r cation free radicals have been 

as have a group of molecules that apparently possess the 
Fe4+=0 g r o ~ p . " ~ ~ " ~  Specifically, using deuterium labelled octaethyl por- 
phyrin (OEP), the porphyrin meso proton resonance has been assigned in 
the model ferryl compound N-methylimidazole-(0EP)-FeO, shown in Fig. 
35. A comparison with HRP-I1 (Fig. 36A) reveals a set of resonances at 
-15 ppm, in a position similar to the meso proton resonances. These are 
ultimately assigned by reconstituting HRP with protohaem deuteriated at 
the meso haem positions and subsequent formation of HRP Compound 11. 
As demonstrated in Fig. 36B the resonances near 15 ppm exhibit reduced 
intensity in reconstituted HRP-I1 thereby confirming their assignment. 

A second area where iron porphyrin model systems have helped delineate 
the correct resonance assignments is for the proximal ligand resonances in 
both ferrous and ferric haem proteins.' 16-140~162 As indicated in the Introduc- 
tion, histidine is the most frequently encountered haem proximal ligand. 
Substitution by other amino acids usually destabilizes the ferrous iron state 
resulting in autoxidation and loss of oxygen binding capacity for native 
haemoglobins and myoglobins. Several model systems were studied prior 
to 1978 with the purpose of determining the characteristic hyperfine shifts 
for ligand resonances coordinated to the haem iron. This particular area 
has been reviewed up to 1979:" and the results of model studies as well 
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FIG. 35. 'H NMR spectra at 360 MHz of  (A) (N-MeIm)(OEP)FeO at - S O T ;  labelled 
peaks give the resonance assignment of peaks due to the thermally unstable intermediate; (B) 
(N-MeIm)(OEP-meso-d,)FeO at -70 "C. Peaks due to the solvent (toluene-d,) have been cut 
off. The peak at 6.5 ppm is due to excess N-Melm; other peaks arise from iron(l1r) porphyrins. 
From reference 115, with permission. 
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FIG. 36. Hyperfine shifted regions of the 360 MHz 'H spectra of (A) HRP-I1 and (B) 
[meso-*H,]HRP-II in 0.2 M NaCl 99.8% 2H20 at pH 9.2, 25 "C. The low frequency portions 
of the spectra (shifts greater than Oppm) are plotted at 1/4 the vertical scale of the high 
frequency portions. From reference 115, with permission. 
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TABLE 7 

Description of modified and human mutant deoxy haemoglobins employed in studies of the 
proximal histidine N, - H. 

Quaternary state 

Protein Description pH6.5 pH9.0 Ref. 

HbA 
desArg( al41)HbA 

desArg(al41)HbA+IHP 

desHis(p 146)Arg(a 141)HbA 

desHis(p 146)Arg(a 141)HbA 
+IHP 

NESHbA 

'NESdesArg(a 141)HbA 

adult human haemoglobin 
HbA modified by removal of 
Argl41 in a chain 
of Argl41 in a chain 
in presence of inositol 
hexaphosphate 
HbA modified by removal 
of His146 in p chain 
and Argl41 in a chain 
in presence of inositol 
hexaphosphate 
HbA modified by reaction 
of Cysp93 sulphydryl 
groups with 
N-ethylmaleimide 
NES HbA lacking Argal41 

NESdesArg(a 141)HbA+ IHP in presence of inositol 
hexaphosphate 

desHis(p 146)HbA HbA with His146 in p 
chain removed 

desHis(p146)HbA+ IHP in presence of inositol 
hexaphosphate 

Hb Kempsey human mutant 
p99(Gl)Asp+ Asn 

Hb Kempsey in presence of inositol 
hexaphosphate 

Hb Osler human mutant 
p145(HC2)Tyr+ Asp 

Hb McKees Rocks human mutant 
p 145(HC2)Tyr + terminal 

Hb McKees Rocks + IHP 
Hb-XL cross-linked haemoglobin 

T 
T 

T 

R 

T 

T 

R 
T 

T 

T 

T 

T 

R 

T 137, 139, 140 
R 137, 138 

137, 138 

R 137 

137 

124 

R 137, 138 
137, 138 

T 137 

137 

R 139-141 

139-141 

124 

124 

124 
124 

Hb Boston' human mutant a58(E7)His+Tyr results in ferric a chain haem iron 
Hb Iwateb human mutant a(F8)His-Tyr results in femc a chain haem iron 
Hb Milwaukeeb human mutant p57(Ell)Val+Glu results in ferric p chain haem iron 

a Resemblancp to quaternary structures of human HbA in deoxy and oxy forms defined in 

' met-haemoglobins useful in assigning resonances to a particular subunit. 
references 143, 142. 
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as spectral comparisons made with modified, or naturally occurring, mutant 
haemoglobins (Table 7) have resulted in a great deal of recent data (Tables 
8-10). The potential importance of having a direct spectroscopic probe of 
the proximal histidine is that fundamental processes of haem protein func- 
tion are intimately related to the iron-histidine bond. From the proposed 
trigger mechanism for cooperative ligand binding in tetrameric haemo- 
glob in^,'^^-'^^. to the stabilization of highly oxidized catalytic intermediates 
in haem peroxidases,"6*'22 there has been much interest in the proximal 
histidine. 

The first observation of the proximal NsH (Fig. 1) histidine protons in 
ferrous high spin haem proteins depended upon comparison with model 
systems and the fact that the imidazole NsH is expected to be deuterium-for- 
hydrogen e~changeable."~ Similarly, observations of the NsH in low spin 
ferric haem proteins have depended on model s t ~ d i e s ' ~ ~ , ' ~ '  (Table 10). 
Moreover, the question of extensive hydrogen b ~ n d i n g ' ~ ~ . ' ~ '  or, in the 
extreme, complete ionization of the proximal h i~ t id ine '~ ' . '~~  has resulted in 
several model studies concerning the properties of imidazolate com- 
plexes.''0-''2 These have shown that deprotonation of coordinated imidazole 
does alter ligand binding properties and the proton NMR spectra of the 
resultant complexes. 

However, to date, no native haem proteins have been demonstrated to 
possess an ionized proximal histidine."6-'2' Most of the strength of this 
statement comes from direct observation of the proximal histidine NsH 
using proton NMR spectroscopy. For the ferrous oxidation state this is 
illustrated in Fig. 37. Similar assignments have been rendered in the ferric 
oxidation state of several haem proteins as shown in Table 10, including 
the relevant references. 

The question of how such assignments are arrived at can, in fact, be 
complicated and justifies some further explanation; for high spin, or deoxy, 
ferrous haem proteins comparison of protein spectra taken in D20 buffer 
us. H 2 0  buffer identifies the isotope exchangeable resonances. Those reson- 
ances appearing between 50 and 100ppm are shown from model studies 
to be the proximal histidine NsH. For tetrameric haemoglobins, such as 
human HbA, which consists of a and p subunits, a further question which 
results is: to which of the subunits (a, p )  may the two N8H resonances be 
assigned? The approach taken is to use human mutant haemoglobins (Bos- 
ton, Milwaukee, Iwate) in which the mutated subunits possess haem iron 
oxidized to the ferric state.1'8"26 In this oxidized state the coordinated 
proximal histidine NsH resonance would not be seen in the 55-75ppm 
region. Also mixed valency hybrids have been employed"' with either one 
set or the other set of subunits in the oxidized state. These result in 
unambiguous assignments of the NsH resonances as shown in Table 8.118,126 



TABLE 8 

Observed shifts, in ppm, of proximal histidine N,H in ferrous deoxy forms of haemoglobins and 
myoglobin. 

Protein Temp. pH gP % 

HbA 

HbA-a,(PCN), 

HbA-cu chain 
HbA-P chain p 
Hb Boston 

HbA-(aCN),t, a 

Hb Milwaukee 
Hb Iwate 
HbA-PPMB chain 
HbA-cuPMB chain 
Hb Kempsey 

Hb Kempsey + IHP 

HbA+ IHP 
HbA+ DPG 
desHis(P 146)HbA' 
NESdesArg(cu 141)HbAd 

NESdesArg(al41)HbAC+ IHP 
NES HbA 
Hb Osler 
Hb Osler+ IHP 
Hb McKees Rocks'+ IHP 
Hb McKees Rocksd 
desHis(pl46)Tyr(P 145)HbA'+IHP 
Hb-XL' 
Hb rabbitf 
Hb carpd 

Hb carp' 

Sprm whale Mb 

C. thummi thummi Hb-I 
C. thummi thummi Hb-111 
C. thummi thummi Hb-IV 

25 
26 
25 
25 
25 
25 
25 
27 
25 
25 
25 
25 
25 
27 
25 
27 
27 
27 
25 
25 
36 
36 
36 
27 
27 
36 
27 
36 
26 
25 
31 
25 
31 
25 
25 

25 
25 
25 

6.8 75.9 
6.4 76.1 
6.5 
6.5 74.7 
6.5 
6.5 86.5 
6.5 73.6 
6.7 76.0 
6.5 
6.5 73.9 
6.5 76.5 
6.5 
6.5 77.7 
6.4 76.8 
6.5 77.1 
6.4 75.9 
6.4 75.3 
6.4 75.7 
6.5 76.4 
6.5 78.2 
6.0 76.2 
6.0 73.2 
6.0 73.5 
6.8 80.4 
6.8 78.5 
6.4 77.2 
6.8 78.3 
6.4 77.5 
6.4 75.7 
6.8 75.9 
6.3 80.7 
8.6 81.4 
5.1 74.5 
6.0 74.9 
6.8 

7.0 
7.0 
7.0 

63.1 
63.9 
62.4 

77.1 

62.8 

77.1 
67.3 
67.1 
64.6 
64.6 
63.1 
63.2 
63.9 
75.9 
73.1 
64.5 
62.6 
64.1 
63.8 
62.7 
63.9 
62.4 
64.1 
62.2 
72.9 
73.3 
69.3 
70.0 

77.8 
78.2 

-93.0 
92.2 
91.0 

81.lh 

Ref. 

117, 118 
124 
120 
120 
120 
120 
120 
126 

120, 126 
120 
120 
120 
120 
119 
120 
119 
119 
119 
120 
120 
124 
124 
124 
119 
119 
124 
119 
124 
124 
Tw' 
123 

123 

117 
127 
127 
128 
128 
128 

a Mixed oxidation state tetramers. 

' Cross-linked using bis(3,5-dibromosalicyl) fumarate. 

T-like quaternary structure. 

New Zealand White. 
Isolated chains. R-like quaternary structure. 

Estimated accuracy in observed shifts is better than *0.3 ppm reported relative to DSS. 
Myoglobin modified with cyanogen bromide so that histidine E-7 (distal) is chemically 

modified. TW = this work. 
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TABLE 9 

Observed shifts (ppm, relative to DSS) of proximal histidine N6H in Co(I1) and Fe(11) haem 
proteins. 

Protein Temp. PH a(Co), P(Co), a(Fe), P(FeI2 Ref. 

Horseradish peroxidase 

R. rubrum cyt. c' 
C. thummi thummi 111-deut" 

C. thummi thummi IV-deut" 

Codb(aCo),(pCo)2b 
CoHb(aCo),(PFe),b 
CoHb( a Fe),(PCo), 
CoHb( aCo),(P Fe-CO),b 
CoHB( aFe-CO),(/3Co)2b 
HbA 

25 7.0 79.2 129 
25 9.0 86.1 129 
25 5.4 93.0 130 
25 6.0 92.4 128 

94.0 128 
90.4 128 
92.8 128 

23 7.0 53.8 58.4 125 
23 7.0 53.3 75.9 125 
23 7.0 57.9 63.2 125 
23 7.0 61.4 125 
23 7.0 58.7 125 
25 6.8 63.1 75.9 117, 118 

a Deuteriohaemin reconstituted. 
Co(1)-protohaem reconstituted hybrids. 

TABLE 10 

Observed shift (ppm, relative to DSS) of proximal histidine N,H in variously ligated ferric forms 
of haem proteins. 

Protein Temp. pH Shift Ref. 

Horseradish peroxidase-CN 
Cytochrome c peroxidase-CN 
Sperm whale Mb-CN 
Elephant Mb-CN 
D. denttiticurn Hb-CN 
Sperm whale Mb-H,O 
Horseradish peroxidase 
R. palustris cyt. c' 
D. dentriticum Hb 
Sperm whale Mb-N, 
C. thummi thummi Hb(II1)-N, 

25 7.0 31.6 
22 7.0 28.3 
25 8.5 21.0 
40 8.6 19.7 
27 7.6 17.2 
35 6.2 103 
35 7.0 96 
25 5.4 102 
25 7.3 96 
25 6.0 33.0 
25 6.0 42.0 

116, 38 
122 

31, 133, 116 
43 

162 
116, 134 

116 
135 
162 
136 
136 

These assignments have been instrumental in opening up studies of 
ligation associated structure changes in the tetrameric haemo- 

Particularly important is the fact that inositol hexa- 
phosphate (IHP) is effective in altering the apparent quaternary structure 
for several modified and mutant haemoglobins, within the ferrous, deoxy 
state (Tables 7, 8). For example, Hb Kempsey in the deoxy ferrous state 

globins.' 19,120,123,124 
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FIG. 37. Proton NMR spectra of deoxy myoglobin and haemoglobin. The high frequency 
NMR traces o f  (a) 14 mM sperm whale deoxymyoglobin in 0.2 M NaC1.H20, pH = 6.8, 40 K 
transients; (b) 9 mM sperm whale deoxymyoglobin in 0.2 M NaC1, 99.8% D20, ‘pH’= 7.0, 
10 K transients; (c) 4 mM deoxyhaemoglobin A in 0.2 M NaCI.H,O, pH = 6.0, 50 K transients; 
(d) 4 mM deoxyhaemoglobin A in 0.2 M NaCl, 99.8% D20, “pH” = 6.3, 50 K transients. 
Chemical shifts are referenced against internal DSS; probe temperature is 25 “C. From reference 
117, with permission. 

has a quaternary structure characteristic of the oxygenated form of normal 
human haernogl~bin.~~’ In the presence of IHP, deoxy Hb Kempsey can 
be switched to a quaternary structure resembling deoxy human HbA.”’ In 
another terminology, the molecule can be converted from the R to the T 
quaternary ~ t a t e . ” ’ ” ~ ~ ” ~ ~  The proximal histidine Ns H resonances in ferrous 
deoxy haem proteins exhibit characteristic shifts that have been used to 
study the effect of quaternary structure changes on the iron-histidine 
bonding.’ 19,120,124,160 
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A similar effort has been undertaken using human hBA and carp haemo- 
globin.161 The latter has been advocated as a protein capable of being 
switched between the T and R quaternary states in both ligated and unligated 
forms. These two proteins are studied in the ferrous, deoxy form and the 
ferric, cyanide ligated form. Figure 38 shows that carp haemoglobin in the 
ferrous, deoxy form exhibits two proximal histidine protons near 70 ppm 
where the N6 should appear (Fig. 38B). These have been assigned to p 
(76 ppm) and a (70 ppm) subunits by analogy with HbA. Raising the pH 
converts this protein from a state resembling the T state in HbA to a state 
that resembles the R state. However, in the carp haemoglobin both the N8H 
resonances, and those with shifts of 15-25 ppm, are less well resolved and 
much broader than the corresponding peaks in HbA. This fact and data 
from the cyanide ligated carp met-haemoglobins has been taken as evidence 
for extensive haem centred heterogeneity in carp haemoglobin.'61 If sub- 
stantiated, this is significant in being the first reported observation of such 
heterogeneity in a native tetrameric haemoglobin. Additional results from 
this study indicate that carp met-azide haemoglobin can be switched from 
the R to the T state in a manner similar to human met-Hb-N3.1629163 

AG 

Shift ( p  p m 1 

FIG. 38. Hyperfine shifted portions of the 200 MHz 'H NMR spectra of: (A) deoxy HbA, 
pH 6.0; (B) carp deoxy Hb at pH 6.0 with 3 equivalents of IHP; (C to I) carp deoxy Hb in 
the absence of IHP at pH: C, 6.53; D, 7.57; E, 7.88; F, 8.33; G, 8.58. All proteins were in 
90% H,0/10% 'H,O at 25 "C. The ratio of the vertical scales for the region 60-90 ppm (x6) 
and 12-30ppm ( x l )  is constant in A, B and C. From reference 161, with permission. 
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A related approach has been taken in an effort to obtain information on 
the partially ligated haemoglobin intermediates.'24 Hybrid haemoglobins 
of various ligation states have been used, but where either a or /3 subunits 
are created from globin chains reconstituted with protoporphyrin( IX)- 

cobalt( 11). The paramagnetism of cobalt +2 also leads to proximal histidine 
N8H shifts to high frequency. 

Mixed valence hybrids have been employed as part of a continuing effort 
to elucidate the molecular details of haemoglobin ligation and its associated 
structural  change^.'^^-*^^ A large amount of work employing ferrous native 
haemoglobins has also been reported.' Among many significant conclusions, 
it has been shown for human haemoglobin mixed valence tetramers that a 
chain hyperfine resonances are sensitive to the ligation state of the /3 chains 
whereas the opposite is not i n d i ~ a t e d . ' ~ ~ * ' ~ ~  

Hyperfine resonances appearing between 6 and 20 ppm from the water 
resonance have been employed to study ferrous haemoglobin oxygenation 
and its quaternary and tertiary structural changes. Using mutant haemo- 
globins, attribution of the hyperfine resonances in this region to either a 
or /3 chains has been acc~mplished.'~~ In combination with two other 
resonances, one that has been indicated as a tertiary structural markerlSs 
(6.4 ppm relative to HDO) and another assigned as a quaternary conforma- 
tion indicator (9.4ppm relative to HD0),16' these resonances have been 
used to reach several conclusions. Among these are: (i) there is no preferen- 
tial oxygen binding to the different types of haemoglobin chains in the 
absence of organic phosphates; (ii) in the presence of organic phosphates 
the a chains exhibit preferential oxygen ligation compared with the /3 
chains; (iii) the structural changes induced by ligation are not concerted. 

In high spin ferric haem proteins the assignment of the proximal histidine 
N8H is made primarily by analogy to the high spin ferrous proteins and 
the disappearance of a highly shifted (-90-100 ppm), single proton line 
when the solvent is changed from H20 to D20.1i6 For low spin ferric haem 
proteins the hyperfine shift region may consist of several isotope exchange- 
able  resonance^,'^^,'^^,'^^,^^^ thereby complicating assignments. Con- 
sequently, the evidence for assigning the proximal histidine NsH resonance 
must be obtained from relaxation and pH behaviour of the isotope exchange- 
able  resonance^.^^^,^^^ The use of relaxation measurements in this manner 
is illustrated in a later section. 

E. Assignments by decoupliog 

In smaller proteins, those of approximate molecular weight 14 kD or less, 
it is frequently possible to assign resonances of a coupled spin system using 
common homonuclear decoupling methods. This has been done in assigning 
haem vinyl group protons directly in paramagnetic monomeric haemo- 
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glob in^.^^,^^ It has also been employed to make assignments to haem c 
thioether bridge proton resonances and to elucidate the axial methionine's 
more complicated spin-spin coupling pattern in c-type ferrous cyto- 
chromes.6 I.62.70.176 These assignments have subsequently been extended to 
c type ferricytochrornes by saturation transfer experiments. 

This technique has recently been employed to identify the a and /3 proton 
resonances of the haem coordinated histidine (His-18) in tuna ferricyto- 
chrome c165 (Fig. 39). Using a combination of nuclear Overhauser experi- 
ments and resolution enhanced spectra it is concluded that peaks labelled 

FIG. 39. 300 MHz 'H NMR spectra of 4 mM tuna femcytochrome c in 'H,O at 27 "C. 
S*l-S*8 are single proton resonances. S*l and S*2 overlap at this temperature. From reference 
165, with permission. 

S*l, S*3, S*6 in Figs 39 and 40 belong to a coupled spin system. S*l and 
S*6 are quite broad relative to S*3 which appears as a relatively narrow 
doublet. Irradiation at S*l collapses the S*3 splitting (Fig. 40b) and irradi- 
ation at the frequency corresponding to peak S*6 exerts very little effect on 
S*3. The authors interpret these results to indicate that these three proton 
resonances reflect the -C"HCBH,- spin system in histidine-18 (Fig. 1). They 
account for the different decoupling effects described above by employing 
a Karplus equation to calculate the expected couplings for this type of 
molecular fragment: C"H(S*3)-CPH1 (1.7 Hz) and C"H-C'H2 (11.6 Hz). 

F. Assignments of amino acids not directly bonded to haem iron 

Nuclear Overhauser effects, which are observed for protons of amino 
acids not directly bonded to the haem group, can be used to locate these 
residues spatially and, in conjunction with crystal structures and/or 
sequence homology comparisons, to make assignments. These assignments 



138 JAMES D. SATTERLEE 

I , ,  1 

9.0 8.5 8.0PPm 

FIG. 40. Spin decoupling of S*l ,  S*3 and S*6 of 4mM tuna ferricytochrome c at 37°C: 
(a) resolution enhanced normal spectrum; (b) spin decoupling pulse applied to S*l, S*3 is 
decoupled and S*2 (Phe-10 para) is partially decoupled by the simultaneous irradiation of 
Phe-10 meta; (c) spin decoupling pulse applied to S*6. From reference 165, with permission. 

can be refined if spin-spin coupling patterns are present through homo- 
nuclear decoupling experiments such as those described previously. For 
the most part this technique has been effectively demonstrated primarily 
for diamagnetic haem proteins, as in the case of S. platensis cytochrome 
c- 5 53. 166 

A further extension of these techniques includes making a general inven- 
tory of the types of amino acids present in a given protein. Subsequently 
their characteristic proton coupling patterns and the general area of the 
spectrum in which a given type of amino acid is expected to yield proton 
resonances is considered. Further specific assignments can be made using 
Overhauser effects, decoupling, homology, comparison of calculated ring 
current shifts and crystal structures. Again, such methods depend upon 
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protein diamagnetism, knowledge of the primary sequence and three- 
dimensional s t r ~ c t u r e . ' ~ ~  

In studies of eukaryotic ferricytochromes c, resonances have been assigned 
within the spectral region between about 0 and 10ppm. This region is 
populated by resonances both near to and far from the paramagnetic haem 
centre, and this fact serves as a reminder that highly temperature dependent 
resonances, indicating that these protons experience a significant paramag- 
netic field, can occur in this region. In fact, the shifts of these protons are 
very difficult to reconcile precisely with predictions made from ring current 
calculations or calculations using the paramagnetic shift equations due to 
the combination of effects that establishes any particular shift. The strategy 
adopted involves all the techniques mentioned in the preceding paragraph 
as well as the use of the extrinsic relaxation probes [Cr(CN),I3- and 
[Cr (~xa la t e )~ ]~ -  which bind to specific sites on the surface of the cyto- 
 chrome^.'^" Some of the results for horse and tuna ferricytochromes c are 
presented in Table 11.74 It should be pointed out that extrinsic relaxation 
probes can be employed for assigning haem resonances. Other than the 
complexes mentioned above, Gd3+ binds to haem propionates and broadens 
neighbouring proton signals, leading to assignments of the haem 5,8 methyl 
pair.17' 

One of the major problems encountered in the 0-10 pprn region of the 
proton spectrum is the rather poor resolution caused by the presence of 
overlapping resonances. For example, it has been calculated that the region 
of the proton spectrum where aliphatic protons resonate (5-6.5 ppm and 
2.5 to -1 ppm) contains 600 resonances for a protein even as small as horse 
cytochrome c (-12 kD molecular Compared with this the aro- 
matic region is predicted to contain resonances of only 47 pr0tons.7~ Con- 
sequently, virtually all the studies mentioned in this section rely on one of 
several techniques for enhancing resolution. These include digital filtering 
with a sinebell f~nc t ion '~ '  and convolution difference methods.17' In addi- 
tion, a Carr-hrcell pulse sequence (90"-~-180"-~) has been employed to 
enhance resolution and discriminate multiplets in studies of the many 
histidine resonances of various ferric myoglobin forms.171 The assignments 
are aided by homology comparisons of sperm whale, horse and pig met- 
myoglobins. 

Another instance of homology considerations leading to an assignment 
of a functionally relevant amino acid is the identification of the titrating 
residue in myoglobin~. '~~  Many spectroscopic results indicate a pH depen- 
dent structural effect in the myoglobin haem crevice. Included in these are 
pH dependent hyperfine  shift^.'^^,'^^ Using haem methyl assignments, recon- 
stituted protein and comparisons with elephant myoglobin the histidine at 
position FG3 has been proposed as the titrating res id~e ."~  These results 
clearly indicate a coupling between the electronic structures of histidine 



140 JAMES D. SATTERLEE 

TABLE 11 

Comparison of tuna nod horse ferricytochromes c NMR spectra. 

Horse Tuna 

chemical chemical 
Assignment resonancea shift (ppm) resonance" (ppm)b 

His-26 C-2 
His-26 C-4 

Trp-59 C-4 or C-7 
Trp-59 C-5 or C-6 
Trp-59 C-6 or C-5 
Trp-59 C-7 or C-4 
Tyr-74 ortho 
Tyr-74 meta 
Tyr-97/48( ?) 
Tyr-97/48( ?) 
Phe-82 para 
Phe-36 ortho 
Phe-36 meta 
Phe-36 para 
Phe-10 ortho 
Phe-10 meta 
Met-80 CH, 
Ile-81/75(?) 
Ile 57 SCH, 
Met-65 CH, 
N-Acetyl CH, 
f i r (  ?) 
Thr( ?) 
Ala-15 CH, 
Ala-15 aCH 
His-33 C-2 
His-33 C-4 

Trp-33 C-4 or C-7 
Trp-33 C-4 or C-6 
Trp-33 C-6 or C-5 
Trp-33 C-7 or C-4 

Trp-59 C-2 

Trp-33 C-2 

A*4 
A*9 
A*ll  
A*6 
A*16 
A*15 
A*7 
A*5 
A*12 
A*10 
A*17 
A*2 
A*8 
A*14 
A*13 
A*18 
A*18 
M*l 
M*2 
M*6 
M*19 
M*20 
M*21 
c*3  
M*22 
c*4  
A*l 
A*3 
- 
- 
- 
- 
- 

7.62 
7.01 
6.86 
7.57 
6.31 
6.54 
7.37 
7.62 
6.82 
7.01 
6.2 
8.26 
7.23 
6.64 
6.76 
6.2 
6.2 

-21.0 
-2.07 
-0.18 

1.97 1.941 
2.03 
5.37 
2.07 
5.63 
8.62 
7.69 
- 
- 
- 
- 
- 

TA*2 
TA*11 
TA* 12 
TA*4 
TA* 18 
TA*17 
TA*6 
TA*3 
TA*13 
TA*10 
TA*19 
TA* 1 
TA*8 
TA*16 
TA*14 
TA*20 
TA*20 
TM*l 
TM*2 
TM*6 
TM*16 
TM*17 
TM*18 
TC*3 
TM*19 
TC*4 
- 
- 
TA*7 
TA*5 
TA*9 
TA* 15 
n.d. 

7.74 
7.02 
6.90 
7.53 
6.33 
6.58 
7.39 
7.61 
6.82 
7.04 
6.3 
8.2 
7.17 
6.73 
6.83 
6.32 
6.32 

-2.12 
-0.07 

1.96 
1.96 
2.05 
5.33 
2.08 
5.60 

-21.0 

- 
- 
7.37 
7.39 
7.12 
6.72 
n.d. 

A = aromatic; M = non-haem methyl; C = non-haem aliphatic. 
At pH 5.25 and 57 "C. N.D. =not determined. 

From reference 74, with permission. 
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FG3 and the haem. The proposed interaction is via T-T overlap, and the 
demonstration of such an effect adds another means by which active site 
(haem) properties may be influenced by the polypeptide chain. This result 
establishes the possibility that w- T interactions within a haem pocket may 
be an effective and subtle way to regulate haem protein reactivity. 

Examples of more direct methods for assigning those residues in close 
proximity to the paramagnetic haem site, which as a consequence may 
experience sizeable pseudocontact shifts and dipolar line broadening, are 
not plentiful in the literature. One such study which has previously been 
mentioned is that employing Overhauser effects and reconstituted protein 
to assign two methyl groups and two single proton resonances of isoleucine- 
99 in sperm whale m y ~ g l o b i n . ~ ~  This amino acid lies close to haem position 
4. Thus, the observation of large Overhauser enhancements to two methyl 
and two single proton resonances when the 4-H line of deuteriohaemin 
reconstituted met-myoglobin cyanide is saturated yields this assignment, 
and the relative orientation of the side chain is shown to be identical with 
that of the crystal s t r ~ c t u r e . ~ ~ ' ~ ~  

G. Assignments from calculations based on the hyperfine shift equations 

Very early in the study of haem proteins by proton NMR two facts were 
appreciated. The first is that meaningful studies require resonance assign- 
ments. The working assumption of this report is that the goal of NMR 
studies of haem proteins is to elucidate the molecular level events associated 
with the particular function of the protein being studied. NMR is uniquely 
capable of providing such information along with solution structural infor- 
mation. Second, it was recognized that the pattern of resonances in paramag- 
netic haem proteins reflects either contact or pseudocontact shifts, or a 
combination of both. 

Assuming that the observed resonance shifts in cytochrome b5 are pre- 
dominantly due to pseudocontact shifts and/or ring current shifts, it is 
possible42 to calculate the predicted shift for every proton in this molecule. 
This approach relies upon known crystal structure data and ESR data and 
employs an equation for the specific case of a molecule that possesses a 
rhombic g tensor.'76 Since single crystal ESR measurements have not been 
carried out the g tensor axes are not uniquely located, so the procedure 
involves the search for a unique fit to the observed resonance pattern. 
Uniqueness is reported" despite the simplifying assumptions, such as use 
of the g tensor rather than the magnetic susceptibility tensor and neglect 
of contact contributions to the resonance positions. 

This technique has been refined to include variations in linewidths 
between different resonances caused by differential dipolar relaxation and 
applied to resonance assignments in cytochrome c59 and cytochrome 
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The cytochrome b5 study, along with work on met-myoglobin cyanide,'77 
devotes attention to contact effects that contribute to the observed resonance 
positions. More recent work on tuna cytochrome c reveals that there is a 
linear trend, but not a precise correlation, between observed and calculated 
pseudocontact shifts for the methyl resonances of amino 

Despite this work, widespread rationalization of observed resonance shifts 
with structure, employing the theoretical framework currently available, has 
not proceeded. The reasons for this must include the limited quantitative 
value of the hyperfine shift equations. This drawback originates in the 
necessity for understanding a very complicated electronic structure, includ- 
ing metal ion, porphyrin ring and axial ligands. In addition, precise struc- 
tural information for the protein of interest must be known, and in the best 
circumstances the magnetic axes must be located. 

Nevertheless, attempts are still being made to understand the origin of 
shifts in haem proteins,'79 and any such insights are to be welcomed. 
Recently, the observed methyl shift pattern in both high and low spin ferric 
porphyrin model systems and ferric haem proteins relative to the electronic 
structure of the ferric ion have been rati0na1ized.l~~ The results show that, 
as expected, the haem methyl resonances are probes of the electron distribu- 
tion about the central metal ion. This idea was first advanced by Wiithrich 
who called attention to the pronounced C, symmetry (separation into pairs) 
of the methyl resonance pattern in cytochrome c.59 Similar observations are 
made for met-myoglobin cyanide,'77 and the data of Table 12 show that C, 
symmetry is the rule for many c-type ferric cytochromes. This is also true 
for many low spin ferric b-type haem proteins (Table 4) including HRP- 
CN37,38 and C C P - C N ~ ~  where the 8,3 methyls occur as a pair, resonating 
near 20ppm, and the 1,5 methyls are not observed, presumably because 
they are shifted to low frequency and are not resolved under the many 
overlapping resonances that occur between 0 and 10 ppm. This pattern of 
shifts reflects the asymmetry of the wavefunction containing the unpaired 
spin density. In the case of contact shifts this is likely to be a linear 
combination of metal centred and porphyrin centred atomic 
The origin of this C, symmetry has been the subject of much inquiry and 
is discussed in a later section. 

It has also been shown that the pattern of haem methyl shifts can be 
fitted to an empirical equation that includes only rhombic perturbations on 
an unperturbed C,, ground state.'79 It is thus clear that conclusions arrived 
at by comparing spectra of model systems and proteins are now placed on 
a firmer theoretical basis. These conclusions include the fact that the com- 
plexation of apo-protein with protohaemin results in greater triclinic per- 
turbations of the electronic ground state of the haem than exist for the free 
haem in solution. In fact, only one substituted haem model has been 
identified that approaches the extent of rhombic perturbation that myoglobin 



TABLE 12 

Assigned proton NMR resonances in ferricytochrome c from various species. 

Axial 
Haem methyls Axial methionine histidine 

Temp. pH" 1 3 5 8 E1 Y l  Y c,-H Ref. 

c Horse heart 
c Tuna 
c S. cereuisiae Iso-1 
c S. cereuisiae Iso-2 
c C. krusei 
c, R rubrum 
c-557 C. oncopelti 
c-552 E. gracilis 
c-5 P. mendocina 
c-553 S. platensis 
c-553 D. vulgaris 
c-553 C. desulphuricans 
c-551 P. stutzeri 
c-551 P. mendocina 
c-551 R gelatinosa Iso-1 
c-551 R Gelatinosa Iso-2 
c-551 P. aeruginosa 
c-555 C. thiosulphatophilum 

35 7.0 7.4 31.2 10.5 33.9 
27 6.2 32.4 10.3 35.2 
35 6.7 7.9 30.6 11.2 33.9' 
35 6.7 29.8 11.9 33.1' 
35 7.2 29.8 10.9 32.4 
20 6.0 10.8 30.1 15.1 33.9 
26 7.3 8.8 31.3 12.9 32.7 
33 7.5 13.2 33.2 17.4 38.5 
35 7.5 19.0 27.0 24.5 39.3 
35 7.1 14.9 32.5 17.1 31.2 
35 7.0 20.7 23.4 22.1 30.7' 
35 7.0 14.4 29.7 20.4 36.8' 
35 6.8 22.1 12.3 31.9 17.6 
35 7.0 22.0 13.8 31.2 17.9 
35 7.4 25.4 12.2 32.2 21.5 
35 7.4 29.6' 10.8 35.6 17.2' 
27 7.0 24.8 13.4 32.1 17.8 
35 7.0 27.9 34.1 39.1 53.7 

-23.6 
-22.4 
-23.9 
-15.9 

-10.2 
-9.1 
-8.7 
-9.5 

-15.3 
-16.4 
-9.9 
- 9.9 

-26.8 
-24.7 
-25.1 
-13.3 

-13.4 

-8.3 
-12.4 
-12.7 
-9.3 

59 
165 

-31.0 25.5 62 
-31.7 25.4 62 
-32.7 25.5 62 

63, 79 
61 
69 
64 

166 
70 

-39.2 63 
-40.7 63 
-29.6 65 
-25.1 65 

66 
67 

a p H s  are not reported in tabular data from these references. Reported pH here is within *0.6 pH unit for the range reported for all spectra in 
any given reference. 

All axial shifts reported at 20 "C. 
1,8 resonances not unambiguously identified and the actual assignment may be reversed from that reported here. 
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exhibits (see below). Finally, it is to be noted that this analysis suggests a 
stronger influence of the triclinic perturbation in low spin ferric haem cases 
(S = 1/2) than in the high spin ferric haem cases (S = 5/2), which are shown 
to exhibit a ground electronic state symmetry of approximately C,”. 

H. Assignments of isotope exchangeable resonances using relaxation 
methods 

It was previously mentioned that many of the data concerning assignments 
of proximal histidine N8H in low spin ferric haem proteins come from 
relaxation studies. Assignments of the distal histidine exchangeable ring 
NH and the FG2 histidine ring NH in sperm whale myoglobin come from 
dipolar relaxation measurements as well. 

The principles of nuclear relaxation induced by paramagnetic ions are 
described in the Introduction. For the purposes of this section it is necessary 
to recall that, when dipolar relaxation dominates the nuclear relaxation 
mechanism, the ratio of relaxation rates for any two non-equivalent protons 
(a, b) describes a ratio of their respective distances from the paramagnetic 
centre. In this case the two protons at distances r, and rb from the haem 
iron ion exhibit relative TI values given by 

Therefore, determination of T,, and Tlb, in circumstances for which metal 
centred dipolar relaxation is the sole contribution to the proton’s spin-lattice 
relaxation time, can yield the relative distances of the two protons (a, b). If 
one of these distances is well defined as, for example, a haem methyl group, 
the iron-nucleus distance for the remaining proton can be directly calcu- 
lated. Note that the haem methyl is chosen as a standard because of its 
fixed geometry relative to the haem iron ion. 

This method is illustrated for met-myoglobin cyanide132 (Fig. 48). The 
proton NMR spectra of met-myoglobin ,cyanide in H 2 0  and D20 are shown 
in Fig. 41. In H 2 0  solution the isotope exchangeable peaks labelled a-d 
appear between 12 and 24ppm. The relative relaxation times (TI) are 
calculated from the slopes of intensity plots shown in Fig. 42. These data 
for Mb-CN,132,133 as well as data reported for met-leghaemoglobin cyanide131 
and Mb-CN reconstituted with protohaem derivatives that have various 
substituents at the 2,4 haem positions (which are occupied by vinyl groups 
in protohaem), are collected in Table 13. 

There are several things to note from this table. Most interesting is that 
no distal histidine ring NH (Fig. 48) is identifiable in the spectrum of 
met-Lb-CN. Peak “a” in the met-Lb-CN spectrum is assigned to the 
proximal histidine NsH. The latter “a” in this case refers to the initial 
labelling of the deuterium exchangeable peaks in which this is the highest 
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FIG. 41. 360 MHz 'H NMR spectrum of the resolved resonances of sperm whale met-Mb- 
CN at 4 0 T ,  pH 8.56 in 0.2 M NaCI. (A) 'H,O and ( B )  90% H,0/10% 'H,O with the H,O 
signal saturated. The previous methyl assignments are included in A. Three of the four 
exchangeable proton signals of interest are labelled a-c in B; the position of d is indicated 
by an arrow. The intense, largely unresolved diamagnetic region is omitted. From reference 
132, with permission. 

frequency resonance of this type. Secondly, peak "a" in met-Mb-CN is 
assigned to the distal imidazole ring NH based on the fact that X-ray 
structures reveal it to be closer to the paramagnetic iron than the proximal 
histidine NsH (peak b). In such a position the distal histidine NH should 
experience more efficient dipole induced relaxation, as well as a greater 
shift. The lower part of Table 13 indicates that neither the shifts of these 
two protons (peaks a, b) nor their TI values are dramatically affected by 
reconstituting apo-myoglobin with modified haems. Finally, it should be 
mentioned that the assignments of peaks a and b, that are placed on a 
quantitative foundation by relaxation s t ~ d i e s , ' ~ ~ - ' ~ ~ ~ ' ~ ~  are in exact agree- 
ment with those of Sheard et who use a semiquantitative assessment 
of expected contact and pseudocontact contributions to observed shifts in 
order to derive their assignments. 

It is important to emphasize that measurements such as those just 
described are valid for conditions that yield good estimates of Tl. Con- 
sequently care must be taken to ensure that dynamic exchange processes 
are slow or halted altogether for the protons of interest. In fact, the dynamic 
exchange information that can be derived for isotope exchangeable protons 
of the haem pocket is of great importance to the overall dynamic picture 



TABLE 13 

Summary of shifts, relaxation times and distances for several cyanide ligated ferric sperm whale inyoglobins and soybean ferric l e g h a e m ~ g l o b i n . ' ~ ' - ' ~ ~ ~ ~ ~  

X-ray structure T, NMR data Shift 
(ppm) ( Tl peak/ T1 I-CH,): Protein pH Temp. Peak. Assignment (r-peak/r 1-CH,) (ms) 

Mb-CN 8.6 25 a 
8.6 25 h 
8.0 25 c 
8.6 25 

Lb-CN 7.0 25 a 

2,4 vinyl 8.6 25 a 
8.6 25 b 

2,4 acetyl 8.6 25 a 
8.6 25 b 

2,4 bromo 8.6 25 a 
8.6 25 b 

2,4 ethyl 8.6 25 a 
8.6 25 b 

2,4 H 8.6 25 a 
8.6 25 b 

distal histidine ring NH 0.67 
proximal histidine N,H 0.81 
proximal histidine peptide NH 1.10 
1-CH, 1.0 
proximal histidine N,H 0.81 

Reconstituted Mb-CN 
distal histidine ring NH 
primal histidine N,H 
distal histidine ring NH 
proximal histidine N,H 
distal histidine ring NH 
proximal histidine N,H 
distal histidine NH 
proximal histidine N,H 
distal histidine ring NH 
proximal histidine N,H 

9.3 
25.5 

114 
115 
35.2 

8.7 
22.4 

8.0 
22.4 
8.3 

23.1 

23.0 
8.6 

23.1 

- 

0.66-0.70 22.1 
20.3 0.77-0.82 

0.98- 1.04 13.2 

0.77-0.80 18.3 

23.5 
21.3 
22.9 
21.9 
24.0 
21.1 
24.5 
21.2 
23.4 
21.0 

From reference 132, with permission. 
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FIG. 42. Plots of ln(Im-Ir)/21m versus T for a 180"-~-90" sequence T,  determination for 
1-CH, (A),  5-CH (O), peak a (A) ,  and peak b (0) of met-Mb-CN in 90% H,O at 25"C, 
pH 8.56. The saturation factor for peaks a and b is essentially unity under these conditions. 
The data for 1-CH,, 5-CH3, and peaks a and b refer to the upper and lower scales in T, 
respectively. From reference 132, with permission. 

of the haem site. A further complicating feature is the appearance of cross 
relaxation or spin-diffusion that might complicate the evaluation of Tl by 
yielding curved semi-log intensity plots rather than straight lines as in Fig. 

This can result in inaccurate TI values and care must be exercised 
in analysing TI data for paramagnetic haem proteins. As examples we may 
consider the T, data for cytochrome c peroxidase-CN (Figs 17, 18) shown 
in Figs 43 and 44. In Fig. 43 the inversion recovery results are displayed 
by using a three-parameter fit and a plotting routine that is now a standard 
feature of most NMR software. The results appear to be described by a 
single exponential, with no hint of multiple exponential decay symbolic of 
extensive cross relaxation. However, a more critical treatment of the data 
(Fig. 44) reveals that the magnetization recovery is characterized by a fast 
component at short T values (in the 180"-~-90" sequence) and a slower 
component at longer T values. Such deviations are not likely to be attribu- 
table to inaccuracy of the fully relaxed peak amplitude for the reason that 
T values up to approximately 20 TI are employed. Moreover, these measure- 

42.85-91 
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FIG. 43. Resonance intensity data as a function of the delay time in the 180°-D,-90" pulse 
sequence for the CcP-CN haem methyl 3 and a single proton resonance at 14.3 ppm. 
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FIG. 44. Data taken from 180°-D,-900 pulse sequence plotted logarithmically, experiments 

for CcP-CN haem methyl 3. 

ments have been repeated five times and each result is identical to this. 
Furthermore, the inversion recovery pulse sequence used is one that contains 
composite 90" and 180" pulses.'82 Clearly, results such as these can lead to 
erroneous TI values which can themselves lead to erroneous calculated 
distances and ultimately to wrong assignments. 
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Another potentially complicating feature in relaxation studies is the 
“Curie spin” term in the paramagnetic relaxation equations. This mechanism 
results from motional modulation of the dipole-dipole interaction that occurs 
between a given nuclear magnetic moment and the thermally averaged 
magnetization of the unpaired  electron^.^^'^^ For large proteins that exhibit 
high magnetic susceptibilities and short electron spin-lattice relaxation 
times, measurements at several field reveal field dependent 
linewidths. This “Curie spin” contribution to the overall relaxation rate can 
be the dominant effect at high fields. The predicted behaviour is that 
resonance linewidths, a measure of T2, should increase as B:, the square 
of the applied magnetic field.’9,207’83*i84 

The data presented thus far show that ferrous haem proteins do indeed 
exhibit such field dependent line width^.^^^*'^^*^^^ For example, the resonance 
line at -12.3 ppm in ApZysiu deoxy myoglobin exhibits broadening from 

TABLE 14 

Summary of field dependent linewidths of selected resonance lines in both oxidation states of 
human hnemoglobin A and sperm whale myoglobin. 

Protein 

Ferrous 
Deoxy HbA 

Deoxy Mb 

Deoxy Mb 

Ferric 
Cytochrome c‘ 

Mb-HZO 
Mb-CN 

Resonance at BO ”0 

( P P d  Temp. (tesla) (MHz) 

-23 23 
30 
30 

-11 39 
33 
37 
41 
29 

-15.5 39 
33 
37 
41 
29 

Haem methyl 25 
25 

Haem methyl 25 
Haem 5-CH, 35 

32 
45 
37 

2.1 90 
5.9 250 
8.5 360 
2.1 90 
5.2 220 
8.5 360 
8.5 360 
8.5 360 
2.1 90 
5.2 220 
8.5 360 
8.5 360 
8.5 360 

2.3 100 
8.5 360 
field independent 
1.4 60 
2.3 100 
2.3 100 
5.2 220 

Observed 
linewidth 
(Hz) 

114 
270 
460 
43 
66 
89 
90 

117 
38 
64 
89 
82 

120 

140 
305 
300 
28 
28 
27 
28 

Ref. 

184 
184 
184 
184 
184 
184 
184 
184 
184 
184 
184 
184 
184 

130 
130 
25 

184 
184 
184 
184 
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an observed width at half maximum height of 14 Hz (at 60 MHz) to 37 Hz 
(at 220 MHz). Additional data are given in Table 14 for several ferrous and 
ferric haemoglobins and myoglobins. There are several consequences of 
this. The principal conclusion is that, in cases where Curie spin line broaden- 
ing is expected, working at lower fields will offer spectra with narrower 
lines. Accordingly, resolution may actually decrease as the field strength is 
increased. Furthermore, working at higher temperatures, where the 
molecular tumbling is faster, will result in narrower lines at any given field 
strength. The data also suggest that the ferric oxidation state for some 
moderately sized proteins may not suffer complications from field dependent 
line broadening. Consider deoxy myoglobin, which shows extreme line 
broadening effects, with aquo met-myoglobin which has been reported to 
show no field dependent line broadening (Table 14). Note, however, that 
met-myoglobin azide has been reported to exhibit significant field dependent 
linewidths. In addition, the low spin forms of moderate to small proteins, 
typified by met-myoglobin cyanide, show linewidths independent of field. 
However, for cytochrome c peroxidase cyanide, a protein whose molecular 
weight is approximately 34 kD (us. 16 kD for Mb), we have observed field 
dependent haem methyl linewidths even though this is a low spin ferric form. 

Finally, it is necessary to point out that, in addition to causing broadening 
via dipole-dipole coupling, the Curie spin can relax by a scalar interaction. 
Therefore, manifestation of a Curie spin effect at protons via chemical 
exchange modulation or internal rotation modulation of the scalar coupling 
between particular protons and the Curie spin is also possible. This effect 
has been observed in complexes of Cr2+.'85 As always, a carefully defined 
system with respect to chemical exchange or intramolecular rotation can 
ensure unambiguous definition of these effects. 

I. Assignments by comparison with other proteins: less specific assignments 

For many haem proteins the hyperfine resonances have not been assigned 
beyond noting relative intensities. Integration of a given set of hyperfine 
resonances can yield relative areas and, because single proton resonances 
can be assumed to exhibit the lowest integrated intensity (relative intensity 
of l ) ,  methyl resonances can also be identified. These integrations rely on 
choosing clearly defined resonances in areas where baseline compensation 
due to infringement of the residual H20  resonance or multiply overlapping 
resonances in the 0-10ppm region is not required. We have used both 
internal and external standards. Cytochrome c is a convenient internal 
standard owing to its two, well resolved, haem methyls (Fig. 39). 

Besides integrations, resolved hyperfine shifted methyl groups attributable 
to haem methyls may be classified from their characteristic shifts. For ferric 
haem proteins the unambiguous assignments which have been made show 
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that the haem methyl protons are highly deshielded (50-100 ppm). For low 
spin ferric haem proteins the haem methyl resonances are generally to low 
frequency of 30 ppm at 25 "C. By comparison, another feature of high spin, 
compared with low spin, ferric haem proteins is the larger linewidths of 
the haem methyl resonances in the former. The data in Table 15 bear out 
these generalizations for a large number of different ferric haem proteins 
in several different ligation states. 

I I I 1 
35 30 25 20 

W m  

FIG. 45. 300 MHz NMR spectra of D. gigas cytochrome cg in different oxidation stages: 
detail of the high frequency region. The redox titration was carried out at 273 K and pH* = 7.2. 
From reference 187, with permission. 



TABLE 15 

Proton shifts of unassigned haem methyl groups in variously ligated ferric haem proteins. 

Protein Temp. pH Methyls 

D. gigas cytochrome c3" 
P, palustris cytochrome c5556 
A. tumefaceiens cytochrome c556 
T. thermophilus cytochrome c552 
D. uulgaris cytochrome c3" 
G. dibranchiata Hb-CNb.d 
Soybean Lb-N, 
D. dendriticum Hb-CN 
P. perfectomarinus cytochrome c552' 
HbA(aSH) chain CN 
HbA(rYSH) chain N, 
HbA(aSH) chain I, 
P. stutzeri CcP' 
P. aeruginosa CcP' 
R molischianum cytochrome c' 
R. rubrum cytochrome c' 
G. dibranchiara Hb(I1) 
G. dibranchiata Hb(II1) 
G. dibranchiata Hb(IV) 
D. dendriticum Hb 
HbA(PSH) chain CN 
HbA(PSH) chain N, 
HbA(PSH) chain I, 

0 
27 
40 
27 
25 
24 
25 
25 
22 
22 
22 
22 
47 
20 
26 
26 
18 
18 
18 
25 
22 
22 
22 

7.2 
7.0 
5.2 
6.9 
6.8 
6.8 
7.0 
7.7 
7.2 
6.7 
7.1 
7.7 
8.0 
6.0 
5.6 
6.4 
7.5 
6.5 
6.6 
7.3 
7.2 
7.0 
7.6 

34.0 32.7 
32.0 31.5 
45 40.5 
34.6 33.5 
26.7 26.1 
21.0 20.1 
23.1 21.7 
21.8 15.7 
38.7 21.3 
22.7 16.6 
28.2 22.2 
32.3 25.6 
69.3 64.1 

80.0 71.0 
84.5 79.8 
95.7 92.6 
96.2 92.3 
94.0 89.7 
87.1 83.4 
21.5 15.6 
25.8 20.6 
30.7 24.3 

31.6 25.9 23.1 20.9 
24.1 23.8 
35.5 28 
17.1 12.6 
19.4 17.3 
20.0 19.7 18.7 18.3 18.1 13.7 13.3 

21.8 21.2 19.8 16.2 11.6 

14.8 

57.3 55.9 32.0 22.7 

67.5 64.0 
69.1 64.7 
69.5 64.5 
69.2 64.2 
66.9 62.9 
70.9 65.6 

50-60 ppm (broad) 

12.2 

Ref. 

187 
188 
188 
186 
189 
TW' 

83 
164 
190 
193 
193 
193 
191 
192 
188 
194 
195 
195 
195 
164 
193 
193 
193 

__ 



HbACN (tetramer) 
HbAN, (tetramer) 
HbATM (tetramer) 
HbA (tetramer) 
HbA (tetramer) OCN 
HbA (tetramer) HCOO 
HbA (tetramer) F 
HbA (tetramer) SCN 
HbA (tetramer) NO, 
HbA(aSH) chain 
HbA(rySH) chain OCN 
HbA(aSH) chain HCOO 
HbA(uSH) chain F 
HbA(aSH) chain SCN 
HbA(rySH) chain NO, 
HbA(PSH) chain 
HbA(PSH) chain OCN 
HbA(PSH) chain HCOO 
HbA(PSH) chain F 
HbA(PSH) chain SCN 
HbA(PSH) chain NO, 
HbA(PpMB) chain 

22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
22 
21 

6.7 
7.3 
7.4 
5.2 
8.2 
7.5 
6.8 
7.4 
7.1 
6.1 
7.7 
7.2 
7.3 
7.2 
7.4 
6.0 
7.1 
6.9 
6.9 
6.8 
6.8 
6.0 

22.8 16.7 
27.9 26.7 
32.2 26.4 
86.3 84.4 
57.1 55.0 
57.9 56.4 
56.4 53.2 
55.0 46.8 
40.6 39.3 
86.6 84.3 
51.4 55.5 
58.8 56.9 
57.2 53.1 
54.9 47.7 
42.0 36.2 
71.4 75.8 
46.8 39.7 
51.8 42.2 
56.5 51.7 
45.1 40.4 
33.9 28.4 
85.8 

15.7 
22.0 21.1 

73.0 58.9 
50.0 45.3 
48.4 42.6 
49.3 44.0 

74.7 58.6 
49.9 45.2 
49.8 43.2 
49.9 44.8 

64.6 51.4 
37.8 
38.9 
43.7 
37.9 
21.0 13.0 
72.7 56.2 

14.3 13.9 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 
193 

' A four-haem protein; not all of the 16 possible methyl groups have been reported; shifts for maximally oxidized protein reported here. 
Mixture of four proteins; not all of the 16 possible methyl groups have been identified. 
A two-haem protein; not all of the 8 possible methyl groups have been reported; shifts for maximally oxidized protein reported here. 
Upper case letters indicate the anion presumed bound to the haem ferric ion. 
This work. 
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Even at this rather superficial level of assignment useful studies of protein 
properties can be undertaken. The information obtained from the multiple 
haem proteins is one e ~ a m p l e . ' ~ ~ - ' ~ ~  Cytochrome c3 is a molecule of 
molecular weight 13 kD that contains four haems.lS7 These haems are of 
the c-type with thioether bridges to the protein polypeptide chain (Fig. 1)  
and they are axially bis-ligated by histidines. The spectra in Fig. 45 reveal 
the stepwise development of a spectrum containing hyperfine resonances 
characteristic of low spin ferric haems. An electron distribution scheme for 
the consecutive one-electron oxidation of each of four haems in a protein 
such as this is given in Fig. 46.ls7 The correlation between these two figures 
is interesting. In Fig. 45 the fully reduced protein (bottom trace) shows no 
hyperfine resonances as a low spin ferrous protein should. This corresponds 
to state 15 on the far right of Fig. 46. Oxidation by one electron produces 
states 11-14 in Fig. 46 and a single hyperfine resonance in the second 

10 

FIG. 46. Electron distribution scheme for a tetrahaem cytochrome. Oxidation states 0 and 
15 refer respectively to the fully oxidized and fully reduced protein. elk' is the microscopic 
midpoint redox potential of haem i when haems j ,  k and I remain oxidized (0 = haem reduced; 
0 = haem oxidized). From reference 187, with permission. 
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spectrum up from the bottom in Fig. 45. In subsequent steps of reoxidation 
(bottom to top, Fig. 45) resonances characteristic of intermediate oxidation 
states (states 1-10, Fig. 46) appear. The top spectrum in Fig. 45 corresponds 
to the fully oxidized protein in which all haems are in the ferric state. 

The analysis of such titration data is c o m p l i ~ a t e d , ' ~ ~ - ' ~ ~  but some con- 
clusions can be mentioned. According to these authors intermolecular 
electron transfer between oxidation states characteristic of the distinct 
oxidation steps depicted in Fig. 46 is slow. The results further imply that 
intramolecular electron transfer, i.e. electron exchange between haems 
inside the same molecule, is rapid and that these four haems are interacting 
centres, contrary to conclusions drawn from ESR rneasurement~. '~~ 

Two dihaem proteins have also been studied by Xavier and co- 
w o r k e r ~ . ' ~ ~ * ' ~ '  These are the dihaem cytochrome c-552 from Pseudomonas 
perfectomarinus 190 and the dihaem cytochrome c peroxidase from 
Pseudomonas stutzeri. The former protein is interesting because the 
difference in midpoint redox potentials of the two haems (Hl,  H,) is so 
large (AE = 354 mV) that only one of the two potential intermediates occurs 
as a result of one-electron oxidation of the fully reduced state (HI = H2 = 

Fez+). These two possibilities are (HI+, H,) and (Hl,  HZt), where + signifies 
an oxidized (ferric) haem. The one-electron oxidized intermediate state is 
unique (H,+, H,), which allows for assignments of resonances to each of 
the haems. 

Work on these multihaem proteins of low molecular weight (13  kD or 
less) is relevant to what one might expect for catalase, a tetrameric haem 
protein in which each of the subunits contains one haem.'97 These haems 
are coordinated to tyrosines which serve as proximal ligands rather than 
the histidines encountered in normal b-type haem proteins. In the one- 
proton NMR spectrum of bovine liver catalase published t ~ - d a t e ' ~ ~  there 
are three major resonance bands at 61.4, 55.7 and 41.1 ppm which are 
probably attributable to overlapping haem methyl proton resonances from 
the four haem groups. 

111. SELECTED PROBLEMS OF BIOLOGICAL RELEVANCE 

Once assignments have been made it is possible to initiate NMR studies 
that are highly specific and answer questions pertinent to the function of a 
given protein, or class of proteins. Some of these are mentioned in Section 
11, in conjunction with assignment methods. In the sections that follow, 
several problems of biological importance are described. Owing to limited 
space not every worthy, or interesting, topic can be considered. Indeed, 
considering the rate at which new studies are being published, choosing 
the topics to describe was a formidable task. The literature is replete with 
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varied and interesting accounts and it is to be hoped that the interested 
reader will use the references as a springboard to the literature. 

A. Analytical 

Hyperfine shift patterns of both ferric high spin and ferric low spin haem 
proteins may be of general use as high resolution indicators of purity and 
homogeneity of sample preparations. In this respect, NMR can be com- 
plementary to more normal biochemical assays. In this section four examples 
are considered. 

In some preparations of leghaemoglobin, isolated from soybean root 
nodules, a proton NMR spectrum of the ferric form consists of two haem 
methyl resonances between 20 and 25 ppm."' The appearance of these 
resonances indicates a predominantly low spin ferric state, despite the fact 
that, because this protein was used directly from isolation, one might have 
expected a spectrum characteristic of a high spin ferric protein. The sugges- 
tion is that leghaemoglobin has an usually high affinity for preservative 
materials used as bacterial growth inhibitors (N3-, CN-) and has obtained 
one or more of these ions as haem ligands during the purification procedure. 
This illustrates the care that must be exercised in the biochemical manipula- 
tions required for protein isolation and purification. 

The Glycera dibranchiata haemoglobins are another interesting case where 
NMR analysis suggests that further biochemical steps are required in order 
to obtain pure proteins. The history of this haemoglobin is as follows. In 
1974 a crystal structure determination was carried out, on crystals of a 
protein grown from a haemoglobin solution that was isolated as a monomer 
protein fraction by gel filtration chromatography. This crystal structure as 
well as amino acid sequencing, along with purification and characterization 
methods based only on molecular weight, reinforces a concept that the 
monomer fraction is homogeneous. The uniqueness and importance of this 
crystallized protein lies in the fact that the distal histidine, which normally 
occurs at position E-7 in haemoglobins and myoglobins, is replaced by 
leucine in the Glycera dibranchiata haem crevice. Such a drastic replacement 
can potentially alter the properties of the ligand binding site by changing 
its polarity, by steric alterations and by more subtle effects, so this protein 
fraction becomes important to kineticists. 

The first reported proton NMR spectra of the paramagnetic shift region 
10- 100 ppm indicated that there was significant heterogeneity present in 
fractions of this monomer haemoglobin isolated as for the structural and 
sequencing studies.'99 Subsequent extensive purification revealed the pres- 
ence of three major haemoglobins and one or two minor haemoglobins, all 
of very similar molecular  eight.'^' The haem methyl shift pattern of the 
ferric high spin forms (Table 15)  indicates pronounced C, symmetry in the 
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unpaired electron distribution about the haem, an observation that is some- 
what unusual for high spin ferric haem proteins. The nature of rhombic 
distortions for the electronic ground state in ferric high spin haem proteins 
most frequently conforms to C4 ~ymrnetry."~ What is also interesting about 
the Glycera dibranchiata monomer haemoglobins is that each component 
displays significant shift differences from each of the others. In the high 
spin ferric forms, methyl shift differences as great as 3 ppm are found for 
the differing component haemoglobins, indicating that subtle structural 
differences in these components may be affecting the electronic structures 
of their respective prosthetic groups. 

A related case of biochemically undetected heterogeneity, that has been 
attributed to two similar proteins being present in a monomer haemoglobin 
preparation, has been r e ~ 0 r t e d . l ~ ~  A bile duct parasite common to her- 
bivores, commonly called the liver fluke (Dicrocoeliurn dendriticurn, Dd), 
possesses a monomeric haemoglobin. Despite a low sequence homology 
with other haemoglobins this protein possesses an exceptional amino acid 
replacement similar to that found in the Glycera dibranchiata haemoglobins. 
In this instance the distal histidine (E-7) is replaced by glycine, structurally 
a much smaller amino acid than the leucine found in Glycera dibranchiata 
haemoglobins, but similar in that it possesses a completely hydrocarbon 
side chain. In the ferric, cyanide ligated form of Dd haemoglobin close 
inspection of the hyperfine resonances reveals that they are composite in 
nature. Variable temperature and pH studies have identified two major 
constituent haemoglobins. It is concluded that the observed micro- 
heterogeneity is inconsistent with an origin due to rotational haem-protein 
isomers, but rather is due to the presence of closely related i s ~ z y m e s . ' ~ ~  

Whereas these two immediately preceding examples involve cases of 
heterogeneity that is either confirmed or potentially biochemically resolv- 
able, there are also instances where NMR has uniquely been able to detect 
silent mutations. One of these cases has been demonstrated for the 
Chironomous thumrni thummi (CTT) haemoglobin-III.200 Both Hb-111 and 
Hb-IV from this species exhibit haem orientational disorder. The magnitude 
of this disorder is such that, in CTT Hb-111-CN, methyl resonances from 
the two orientations differ by at least 300 Hz at pH 5.0 and 25 "C. However, 
each methyl resonance is further split by an additional -10 Hz. It is this 
secondary splitting that, the authors conclude, indicates the point mutation. 
Although reconstituting CTT Hb-111-CN with different haems changes the 
relative populations of the haem orientational isomers, the secondary peak 
splitting remains and, regardless of the haem, the estimated relative ratio 
of the two components of the secondary splitting remains constant at 
approximately 1.7: 1.  The point mutation in question was ultimately iden- 
tified by amino acid sequencing to be the substitution of isoleucine by 
threonine at position 57 (E-6). 
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B. High pressure studies 

Pressure induced changes that affect the structure and/or function of 
haem proteins have been studied by several techniques. Recently Morishima 
and Hara have published a series of papers in which they consider the 
effects of pressure on the hyperfine shifts in paramagnetic ferrous and ferric 
haemoglobins and m y o g l ~ b i n s . * ~ ' - ~ ~ ~  Their interest in pressure effects origi- 
nates in several properties of haemoglobins; these include the quaternary 
structure switch (T % R) that accompanies oxygenation in tetrameric 
h a e m ~ g l o b i n s , ' ~ ~ * ' ~ ~  and consequently the idea that pressure might induce 
a quaternary structural change. Similarly it was thought that high pressure 
would alter the weak interactions (such as non-bonding interactions) that 
stabilize the haem crevice. Finally, the effect of pressure upon the haem 
iron ion spin state has been s t ~ d i e d . ~ ~ ~ , * ~ ~  

Reasonably dramatic effects have been observed upon the proximal 
histidine NsH (His F-8) resonance in ferrous deoxy HbA as a result of 
increasing pressure. As shown in Table 16, the /3 subunit resonance shifts 
by 1.00ppm whereas the LY subunit resonance is not affected when the 
protein is exposed to 1300 atm pressure.*" In the ferrous ligated forms (oxy, 
carbon monoxy) the resonance corresponding to the y methyl group of 

TABLE 16 

Pressure dependence of proton resonances in selected human haemoglobin and sperm whale 
myoglobin complexes."'-zw 

Press. Val. E-11 His F8 His H e m  
Protein Temp. pH (atm) a p p a E-7 I-CH, 

deoxy HbA 30 6.5 1 70.3 58.3 

HbA-0, 30 7.0 1 -7.1 -7.1 
30 7.0 1300 -7.1 -7.3 

HbA-CO 30 7.0 1 -6.5 -6.5 
30 7.0 1500 -6.6 -7.0 

HbA-CO 30 7.0 1 -6.4 -6.5 
+IHP 30 7.0 1100 -6.5 -7.0 

30 6.5 1300 71.3 58.6 

a C O  30 7.0 1 -6.5 
chains 30 7.0 800 -7.6 

PCO 30 7.0 1 -6.7 
chains 30 7.0 1100 -7.0 

Mb-CO 30 7.0 1 -7.1 
30 7.0 1100 -7.1 

Mb-CN 30 7.8 1 16.4 18.6 22.2 
30 7.8 800 16.4 17.2 21.9 
30 7.8 1100 16.4 16.4 22.5 
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value E-11 in the /3 subunit changes by 0.2-0.5 ppm when the protein 
solution is pressurized up to 1900atm. However, again, the E-11 methyl 
resonance assignable to the a subunit exhibits no such shift. The conclusions 
that are drawn from these types of studies are as follows. The pressure 
effect is most pronounced for the p subunits of human HbA whether the 
intact tetramer is being studied or whether it is in the form of isolated p 
chains. The pressure induced changes are considered to be unrelated to 
change in quaternary structure, in keeping with suggestions from other 
methods. 

In cyanide ligated met-myoglobin effects upon the proton NMR spectrum 
as pressure increases are demonstrated in Fig. 47. In this case the spectra 

FIG. 47. Pressure dependence of proton NMR spectra for horse Mb-CN at 3 0 T ,  pH 7.8, 
in 0.1 M Tris-HC1. The numbering of the haem methyl groups is shown in Fig. 48. From 
reference 202, with permission. 
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were obtained in 90% H 2 0  so that isotope exchangeable resonances are 
observed. Although all the lines broaden, the distal histidine (E-7) NH (Fig. 
48) exhibits the most dramatic behaviour. As in the data discussed above 
for valine E-11, these results suggest a preferential effect of high pressure 
in the E helix, the distal side of the haem, near to the haem ligand binding 
site. 

In another study204 it has been demonstrated that pH induced spectral 
changes in ferrous deoxy des Arg (a141) haemoglobin are different from 
those induced by increased pressure. This is significant because this modified 
haemoglobin exists in a quaternary T-like state at pH 7.0 whereas at pH 8.5 
it adopts a quaternary structure that is R-like (Table 7). In the T state no 
effect of pressure up to 1100 atm is observed. In the R state a resonance 
line at 6.4 ppm is shifted to 6.7 ppm, yet no evidence of conversion to the 

/ His F8 

1 

FIG. 48. Haem environmental structure of Mb-CN based on X-ray structural analysis. Open 
circles refer to residues which are in van der Waals contact with 1-, 5-, and 8 groups. The 
dotted lines stand for the interatomic contacts of 3.9 A. From reference 202, with permission. 
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T state is obtained. The authors have concluded that this is further evidence 
that high pressure is incapable of inducing a quaternary structural change. 
Nevertheless, they do conclude that the observed shifts reflect pressure 
induced changes in the protein tertiary structure.204 

C. Haem electronic structure 

Several observations have suggested that the combination of haem with 
the three-dimensional polypeptide chain perturbs the electronic structure 
of the haem group compared with that of the free haem in solution. These 
haem-protein effects have been invoked to account for observed changes 
in the reactivity of haems compared with native proteins, as well as to 
describe how reactivities are different for different classes of proteins con- 
taining str-icturally identical haem groups. Peroxidases and myoglobins 
offer precisely such a comparison. The peroxidases are stable ferrihaem 
proteins whereas myoglobins are stable ferrohaem proteins. In fact, as 
indicated later, there are NMR discernible differences in the haem crevice 
structures of these two types of proteins. 

Early NMR work on met-myoglobin cyanide177 and c-type ferric cyto- 
chromes66 called attention to the fact that the hyperfine shifts for the haem 
methyl groups of these proteins exhibit pronounced C, symmetry. The 
methyl group resonances appear to be grouped painvise in the proton 
spectrum, with greater differences between the mean shift of each pair than 
between each of the two resonances comprising each pair. This phenomenon 
is clearly illustrated in Table 12. 

Information on the source of this in-plane electronic asymmetry derives 
from studies of ferric porphyrin model systems as well as haem proteins. 
For low spin ferric porphyrin complexes it has been shown that the haem 
ring methyl resonance pattern is primarily governed by contact shifts, i .e .  
the pattern of the unpaired spin density distribution about the haem.175 
Because the contact contribution to the observed shifts of haem peripheral 
substituents, for unpaired spin density in n type porphyrin molecular 
orbitals, leads to d e ~ h i e l d i n g , ' ~ ~ ~ ' ~ '  the magnitude of the observed hyperfine 
shifts of haem methyl groups is a qualitative index of the extent of spin 
density delocalized onto the respective haem pyrrole rings by metal- 
porphyrin covalency. 

A seminal observation is that the resonance positions for haem peripheral 
substituents overlap or occur within a very narrow range of frequencies for 
highly symmetric low spin ferric porphyrin~.~." Furthermore, the spread in 
resonance positions increases as porphyrin substituents are changed in such 
a way as to lower the haem's local site symmetry or to alter the electronegativ- 
ity of the substituent~.~~~'"~~~*~~-~~~ Moreover, only in the case where the 
haem pyrrole 2,4 position substituents are groups such as sulphonate, acetyl, 
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formyl and cyanide does the spread of methyl shifts approach that observed 
in low spin ferric haem proteins (Table 17). As a consequence it has been 
considered that in-plane effects can modify the observed pattern of methyl 
resonances. This is taken to indicate that peripheral contacts between the 
haem and amino acids of the polypeptide chain could play a prominent 
role in defining the pattern of electron delocalization. 

TABLE 17 

Spread of haem methyl resonances in 2,Csuhstituted derivatives of ferric protohaem dicyanide, 
myoglohio cyanide, ferric cytochrome c and ferric cytochrome c 

2,4-R Ethyl H Vinyl Acetyl Formyl Mh-CN Cyt+c Cyt+c-CN 
Spread 0.35 5.27 4.99 17.42 19.4 21.9 27.8 11.5 

In low spin ferric proteins a second possibility exists, as first advanced 
in the case of met-Mb-CN,177 that the plane of the proximal histidine defines 
the pattern of electron spin delocalization over different halves of the 
porphyrin ring. This view has been described in detail e l s e ~ h e r e . ~ ' ~ ~ ~ ~ ~ ~ ' ~  
The fundamental property that allows this mechanism to operate is the 
concept that the proximal histidine may interact with the iron centred 
e-symmetry d orbitals, which in turn individually interact with porphyrin 
3e( T )  type orbitals to reduce the degeneracy of the porphyrin 3e( T) type 
orbitals. This could be accomplished by interaction of the proximal his- 
tidine's imidazole ring T orbitals with the iron-porphyrin molecular orbitals. 
A graphical picture of this type of interaction has been presented.'.".208-z10 
In this model the result would be destabilization of one member of the 
porphyrin 3e( T) pair and stabilization of the other, leading to the possibility 
of an uneven distribution of electron density among the four porphyrin 
pyrroles. This may result in a pairwise spread of methyl shifts. Models have 
been developed that demonstrate the capability of coordinated imidazole 
to induce a spread in haem methyl resonanceszo9 and pyrrole proton reson- 
ances208.2 10 when the rotational mobility of the coordinated imidazole is 
restricted. Consequently these models have been of the chelated porphyrin 
type where the coordinated imidazole is covalently attached to the periphery 
of the porphyrin itself. Traylor and Berzinis have reported haem methyl 
resonance spreads of 4.6 to 17.1 ppm,'09 whereas Walker2083210 has reported 
pyrrole proton resonance spreads as large as -1 1 ppm. An additional effect, 
that caused by "tension" in the iron-proximal imidazole bond, has been 
studied using imidazole appended ferric porphyrins.'" In these porphyrins 
the imidazole containing arm is covalently attached to the porphyrin 
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periphery as in the models just described. By regulating the length of the 
arm, steric strain in the form of lengthening the iron-imidazole bond, or 
tilting of the imidazole plane, is induced. The consequence is the observation 
of up to an -11 ppm splitting of the pyrrole proton resonance.*" 

The model that calls for proximal histidine steering of the unpaired 
electron distribution on the haem ring, thereby allowing proximal effects 
to determine the order and pattern of methyl proton resonances, provides 
a basis for interpreting the shift patterns in peroxidases and myoglobin. 
Figure 49 reveals the orientation of the proximal histidine imidazole plane, 
projected onto the haem ring for cytochrome c peroxidase (CcP) and 
my~globin.~ '  This figure is a summary of crystal structure data. 

CCP 

. C H =  

H 

CH3 

M b  
FIG. 49. Comparison of the proximal histidine (imidazole) plane projection onto the haemin 

for CcP and Mb. This view is along the proximal histidine-Fe bond and was formulated from 
the published crystal structures for each. Note the interchange of pyrroles I ,II  and III,IV in 
the two structures. This is equivalent to a 180" rotation about the a-y (meso) axis. From 
reference 37, with permission. 

The histidine T orbitals project perpendicularly to the imidazole plane 
and in the case of CcP are oriented so as to interact with the iron d,, type 
orbital of e symmetry and one of the porphyrin e (a )  type orbitals that 
encompasses pyrroles I1 and IV. Removal of the T orbital degeneracy is 
predicted in such a manner that the methyl resonances on pyrroles IIJV 
(3-CH3,8-CH3) are expected to appear as a pair, widely separated from the 
5-CH3,1-CH3 pair (pyrroles 1,111). Only two methyl resonances are resolved 
in CcP-CN and these are the 3,8 pair that occur at 31.2, 27.3 ppm (Figs 17, 
18). The 5,l pair of resonances are unresolved under the broad envelope 
of resonances between 0 and 10ppm. As predicted, the shift difference 
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between pairs of methyl group resonances (?18 ppm) is larger than the 
shift difference within a pair (A3,8 = 3.9 ppm). A similar case exists for 
horseradish peroxidase (HRP) (Fig. 19). HRP-CN displays a pair of 3,8 
methyl resonances at 29.8 (8) and 24.9 (3) ppm at 35 "C. As for CcP-CN 
the 5,l resonance pair are unresolved. 

For sperm whale myoglobin the projection of the imidazole plane onto 
the haem ring is also shown in Fig. 49. Using the same model one would 
predict that pyrroles I and 111 should receive greater unpaired spin density 
than pyrroles II,IV. Consequently the appearance of 5-CH3 (27.4 ppm) and 
l-CH3 (18.7 ppm) shifted to high frequency of either the 8 or 3 methyl 
resonances is understood (Table 4, Fig. 47). However, in this case the 
resonances are not as obviously classified in a pairwise manner. There are 
at least two reasons for this. In myoglobin there could be greater thermal 
motion of the imidazole ring, making the projection indicated in Fig. 49 
symbolic only of the mean position. This would tend to equalize the unpaired 
spin density distribution about the porphyrin by less specifically removing 
the 3e( T) degeneracy. Another possibility is that, as in the first model studies 
discussed, haem-peptide peripheral contacts could modify the unpaired 
spin density distribution. This effect is believed to account for the inversion 
of order in the 3-CH,,8-CH3 pair in the two peroxidases studied so far.37 
In CcP-CN the 3-CH3 is the most deshielded resonance of the pair whereas 
in HRP-CN it is the 8-CH3 signal that lies to highest frequency. The 
interpretation of this phenomenon is that the ordering change between the 
two peroxidases is caused by an amino acid substitution in the primary 
sequence, thereby changing the nature of the haem contact. In the crystal 
structure of CcP, tryptophan-51 lies above pyrrole I1 (3-CH3) whereas the 
position 51 residue in HRP is phenylalanine. Although no crystal structure 
has yet been published for HRP, in view of the obvious primary sequence 
homology in the B helix between these two proteins, it is reasonable to 
assume that phenylalanine-51 lies above pyrrole I1 in HRP. 

It is interesting to note that the difference in the myoglobin and peroxidase 
shift pattern can be viewed, in the context of a fixed histidine-iron bond, 
as a rotation by 180" about the haem a-y meso axis. It has been well 
documented that, within cyanide haemoglobins and myoglobins that demon- 
strate haem orientational heterogeneity, the 5,l us. 3,8 pairwise interchange 
also occurs (see above). Nevertheless, considering the functional distinction 
between peroxidases and myoglobin, the different haem orientations may 
form part of the molecular basis for the different properties of the two 
protein classes. 

The c-type cytochromes with methionine and histidine axial ligands reveal 
that the orientation and conformation of the methionine ligand can also 
affect the unpaired spin density distribution on haem c. As in other low 
spin ferric haem proteins, the proton spectrum generally reveals only two 
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or three of the haem methyl resonances. An example of this effect is shown 
by a comparison of ferric horse heart cytochrome c, in which the haem 
8-CH3 (31.7 ppm) and 3-CH3 (27.3 ppm, 35 "C) are the largest hyperfine 
shifts (Fig. 39, Table 12). Assuming, as in the models for b-type ferric haem 
proteins, that the contact contribution dominates the observed shifts, this 
pattern indicates the presence of greater spin density on haem pyrrole rings 
I1 and IV.59 This observation has been rationalized on the basis that, because 
pyrrole I1 is the most solvent exposed pyrrole, such an electronic distribution 
could facilitate direct electron transfer.59 This is not unreasonable in view 
of the fact that the computer modelled cytochrome c : cytochrome c peroxi- 
dase redox complex, based on crystal structures, indicates that the haem 
planes in the two proteins are approximately coplanar. This fact implies a 
type of T-7r interaction involving haem groups on each protein as well as 
intervening amino acids. 

An important observation is that ferric cytochrome c-551, from P. 
aeruginosa, displays a different methyl shift pattern (Table 12) in which the 
1-CH3 (21.1 ppm) and 5-CH3 (28.8 ppm, 27 "C) pair appear to be the most 
de~hielded.~~."  This indicates that pyrroles I and I11 receive the most 
unpaired spin density. This result has been interpreted as being due to a 
90" rotation in the orientation of the principal axes of the g tensor.66 The 
functional implications remain the same as in cytochrome c because in this 
c-551 the available crystal structure shows a deletion in peptide fragment 
from residues 39 to 56 that exposes pyrrole 111 to the solvent. 

Using NOE results in the diamagnetic ferrocytochromes it has been 
possible, in combination with circular dichroism experiments, to establish 
the chirality of the axial methione ligand. The correlation of methionine 
chirality with the identity of the high frequency haem methyl resonance 
pair shown in Table 18 is impressive evidence that the haem c electronic 
structure is governed, at least in part, by the orientation of the axial 
methionine. For the two methionine configurations R chirality is associated 
with the 8,3 methyl groups as the most deshielded pair, whereas for S 
chirality the 5,l  methyl groups exhibit the largest hyperfine shift. It should 
be noted that the available results suggest that the proximal histidine 
imidazole plane orientation is identical in all of these proteins, eliminating 
it as the determining factor. 

Not all c-type cytochromes exhibit the same methionine chirality in both 
oxidation states. A recent observation indicates that for Desulphovibrio 
desulphuricans and Desulphovibrio vulgaris cytochromes c-553 the iron 
bound sulphur atom exhibits S chirality when the protein is reduced to the 
ferrous level, but R chirality in the ferric form. Moreover, the authors note 
that, although the axial histidine imidazole ring appears to be in an orienta- 
tion identical to other c-type cytochromes, the axial methionine geometry 
is unique." 
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T A B L E  18 

Correlation of coordinated axial methionine chirality with the haem methyl group resonances 
exhibiting the largest hyperfine shift in selected c&pe ferric cytochromes. 

Assignment of 
high frequency 

Protein Chirality resonances Ref. 

R. rubrum c 
Horse c 
C. krusei c 
E. gracilis c552 
S. platensis c553 
A. jlos-aquae c553 
R. rubrum c 2  
D. vulgaris c553 
D. sulphuricans c553 
P. slutzeri c551  
I? mendocina c551 
P. aeruginosa c551 
D. vulgaris c553 

D. sulphuricans c553 
(reduced) 

(reduced) 

R 
R 
R 
R 
R 
R 
R 
R 
R 
S 
S 
S 
S 

S 

63 
66, 78 

62 
69 
166 
212 
63 
70 
70 
63 
63 

46, 78 
70 

70 

IV. OTHER NUCLEI 

Although proton NMR appears at this juncture to be the most readily 
useful technique for studying paramagnetic haem proteins, other nuclei are 
also potentially useful. In the sections that follow, reviews of the applications 
and potential application of I3C and I5N NMR are given. These are 
necessarily brief because so little has been published that specifically per- 
tains to paramagnetic haem proteins. A principal reason for this is the 
significantly larger amounts of material required for these kinds of studies 
owing to the inherent lack of sensitivity of these other nuclei. Whereas 
proton NMR studies may be easily conducted on as little as 0.35 ml of a 
0.001 M protein solution (-6 mg of protein for myoglobin), significantly 
higher concentrations (0.003-0.020 M) and larger sample volumes may be 
required in order to execute I3C or I5N NMR studies on isotopically enriched 
proteins in reasonable time periods. Many proteins are simply not available 
in such quantities. 

A. Carbon-13 

NMR studies using I3C have focussed primarily on binding 13C enriched 
ligands to the diamagnetic forms of haem  protein^."^.^'^ Other studies 
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FIG. 50. The 75.5 MHz I3C NMR spectrum of Candida krusei ferricytochrome c; 5 mM in *H,O at pH 7 and 25 "C. The peak designated 
by D is from dioxan. Total acquisition time was 20 h. In the same way that the 'H spectrum can be divided into regions, so can the I3C 
spectrum. The group of resonances between 160 and 190 ppm come from carbonyls, the group between 150 and 160 ppm from arginine and 
tyrosine, the group between 110 and 150 pprn from other aromatics, and the group between 10 and 70 ppm from aliphatics. From reference 
178, with permission. 
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involve the diamagnetic forms of haem proteins t h e m ~ e l v e s . ~ ~ ~ ' ~ ' ~  In early 
studies natural abundance carbon spectra were obtained for met-myoglobin 
cyanide, horse heart ferricytochrome c, ferricytochrome c cyanide and 
Candida krusei ferricytochrome c.178*215-217 In none of these cases were haem 
carbons identified. Figure 50 shows the natural abundance carbcn spectrum 
of C. knrsei ferricytochrome c and demonstrates the characteristic carbon 
resonance  position^.'^^ The principal result of these studies reveals the 
assignments of the aromatic carbon resonances although the proximal 
histidine C, resonance (imidazole quaternary carbon) is tentatively assigned 
in ferricytochrome c cyanide (123.6 ppm at 36 0C).215-217 

Extensive work on ferric porphyrin models has resulted in elucidation 
of carbon resonance assignments for protohaem derivatives as well as 
synthetic ferric porphyrins.218-221 The I3CNMR spectrum of the bis-l- 
methylimidazole complex of ferriprotoporphyrin IX dimethyl ester is shown 
in Fig. 51. In comparison with the spectrum of Mb-CN,215 13C enrichment 
at the haem 2,4 positions or the haem methyl groups provides the best 
promise for resolving haem resonances. Carbon shifts in low spin ferric 

I I I I I I 

200 150 100 50 0 -50 

W m  
FIG. 51 .  Carbon-13 NMR spectrum of [FeProtDME(I-MeIm),]Cl, -22 "C, CDC1, solvent. 

From reference 218, with permission. 
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natural haem complexes are collected in Table 19.2'8 Attention is called to 
the fact that synthetic methods for specific I3C enrichment of haems have 
recently been published and it is likely that they will be a harbinger of 
increased I3C NMR work involving particular attention to haem reson- 
a n c e ~ . ~ ~  One of the benefits of the effort that this will require is the additional 
information on the haem electronic structure that is derivable from 13C 
NMR measurements.218 

TABLE 19 

Selected carbon-13 NMR resonances for iron(l1) natural porphyrin-1-methylimidazole 
complexes." 

Carbon atom Fe-Meso-DME Fe-Prot-DME Fe-Deut-DME Fe-Ac-DME 

ring CH, 

mean value 
av. dev. from mean 

(a) 
(b) 

coo 
OCH, 
2,4-R 

Prop CH2 

Im-CH, 
Im-5-C 

-38.4, -45.1, 
-45.1, -51.7 

-45.1 
3.3 

-24.2, -24.8 
96.0, 94.5 

174.8 
51.8 

-26.6, -38.4' 

21.7 
97.6 

-34.1, -42.5, 
-48.8, -49.1 

-43.6 
5.3 

-24.0, -24.5 
94.9, 93.1 

174.7 
51.9 

55.7, 37Ad 
184.5, 171.3' 

21.0 
97.9 

-32.3, -39.8, 
-47.4, -51.1 

6.6 
-42.7 

-21.2, -26.6 
98.5, 88.4 

174.8, 174.3 
51.9 

20.8 
96.6 

-17.7, -23.9, 
-50.7, -59.6 

-38.0 
11.2 

-17.0, -25.2 
96.0 

174.5, 174.3 
51.9 

159.1, 155.6 
27.48 
19.0 
99.3 

Iron(Ir1) porphyrin, 0.05 M; 1-MeIm, 0.2 M; 
Ring CH,. 
CH, signal is under solvent. 
CH=. 
' CH,=. 

CH,. 

-22°C: TMS ref., CDCI, solvent. 

' c=o. 

From reference 218, with permission. 

One other use of I3C NMR in studies of paramagnetic ferric porphyrins 
should be mentioned. That is the observation of the coordinated cyanide 

C resonance in dicyano ferric porphyrin complexes.222 The data obtained 
are shown in Table 20. Because cyanide is a common ligand used to ensure 
a low spin iron ion in ferric haem proteins the model complexes are of 
some interest. The data indicate that changing the haem 2,4 position sub- 
stituents only induces large shifts when charged groups are employed 
(RZ = & = SO,-; Br), and even though temperature dependences of these 
resonances have not been reported it is expected that they will be large. 

13 
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TABLE 20 

Carbon-13 resonances for the coordinated cyano group of Low spin iron(m) porphyrins. 

Iron(ii1) complex Porphyrin 2,4-R group Cyano resonance 

Protoporphyrin IX 
Mesoporphyrin IX 
Deuterioporphyrin IX 
Dibromodeuterioporphyrin IX 
Disulphonatedeuterioporphyrin 
Haemin c 

-CH=CH, -2393 
-CH,CH, -2381 
-H -2315 
- Br -2359 
-so,- -2167 
-CH(CH3)SCH2- 
CH(NH,)COO- -2300 

-1968 

-3583 
-3200 

From reference 3, with permission. 

B. Nitrogen-15 

The use of 15N enriched amino acids to study small proteins has been 
reported in the literature, but none of these studies involves haem proteins. 
As with I3C, there is a lack of 15N applications to haem proteins for many 
of the same reasons. 15N NMR utilization has been recently 
The earliest account indicated that mobile side chains of haemoglobin could 
be observed.224 The primary utility of 15N NMR, as far as this report is 
concerned, has been to study the coordination of "N enriched cyanide ion 
to ferric porphyrins as well as haem Some of these results 
are collected in Table 21. There are several trends. From the porphyrin data 
in the upper part of this table it is obvious that there is a dramatic solvent 
effect. Thus, in protohaemin IX dicyanide the observed shift changes by 
nearly 300 ppm as the solvent is changed from dimethyl sulphoxide (DMSO) 
to water. Similarly, there is about a 200ppm shift linked to a trans effect 
as indicated by comparing protohaemin IX dicyanide with the complex in 
which one cyanide is replaced by 1-methylimidazole (1-CH31m). The cis 
effect, typified by comparing the first four porphyrins in either DMSO or 
methyl alcohol as solvent, is very small (of the order of 14 ppm). 

These results suggest that the 15N shift of C15N- coordinated to ferric 
haem proteins can give information on proximal (trans effect) as well as 
distal (solvent effect) haem environments. The haem protein data in Table 
21 include both solution and intraerythrocyte cases for haemoglobin. The 
quality of these spectra, particularly for the tetrameric haemoglobins, is 
especially poor. Broad lines and high noise levels are typical. Some variation 
with protein origin and pH are to be noted. In contrast, little variation with 
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T A B L E  21 

Observed "N shifts of CI5N coordinated to ferric porphyrins and ferric haem proteins. 

Observed 
Complex Solvent" pH Temp. shifth Ref. 

Porphyrins 
Protohaemin( IX)(CN), 

Deuteriohaemin(CN), 

Mesohaemin(CN), 

OEP(CN), 

Protohaemin( CN)(  1-CH,Im) 

Proteins 
Human Hb-CN 

Human Hb-CN 

Dog Hb-CN 

Rabbit Hb-CN 

Rat Hb-CN 

Horse Mb-CN 

Sperm whale Mb-CN 

Lactoperoxidase C N  
Horseradish peroxidase C N  

DMSO 
PY' 
CH,OD 

DMSO 
CH,OD 
DMSO 
CH,OD 
DMSO 
CH,OD 
DMSO 

H2O 

25 
25 
25 

9.2 25 
25 
25 
25 
25 
25 
25 
25 

H*O 7.3 29 
H*O 7.7 29 
H2O 8.1 29 
Intact 8.4 29 

Intact 8.4 29 

Intact 8.4 29 

Intact 8.4 29 

H2O 5.7 25 
H2O 6.9 -' 
H2O 8.0 -' 
H2O 9.0 -' 
H,O 11.7 25 

H2O 6.6 -' 
H2O 7.8 -' 
H2O 9.0 -& 

H*O 7-8 25 
H2O 7-8 25 

erythrocyte H 2 0  

erythrocyte H,O 

erythrocyte H 2 0  

erythrocyte H 2 0  

H2O 8.8 -' 

732 220 
696 220 
506 220 
448 220 
738 220 
509 220 
720 220 
496 220 
718 220 
474 220 
926 220 

975, 1047 221 
985, 1055 221 
1081, 1083 221 
981. 1050 221 

990, 1031 221 

937, 1041, 1077 221 

970 22 1 

931 219 
948 219 
939 219 
936 219 
940 219 
945 219 
842 219 
847 219 
848 219 
423 222 
578 222 

a Abbreviations: DMSO = dimethyl sulphoxide, pyr = pyridine. 
Shifts relative to "NO,-. 
Temperature not reported. 
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pH is observed for the myoglobins. Extremely significant is the fact that 
the peroxidase data229 reveal much smaller shifts (by -400 ppm) than for 
the oxygen binding haem-globins. From the protohaemin IX data in the 
upper part of the table it is obvious that low frequency shifts accompany 
the change to a more hydrogen bonding solvent (H20  us. DMSO), and the 
trans effect can exert an influence of about 200 ppm as well. It is interesting 
to note in this respect that proton NMR data indicate that the proximal 
histidine Ns H is strongly hydrogen bonded in cyanide complexes of horse- 
radish and cytochrome c peroxidase.'2'"22 Therefore, in comparison with 
myoglobin-CN, the proximal histidine in the peroxidases appears more 
imidazolate like. This could be the origin of the trans effect contribution 
to these observed shift differences. 
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I. INTRODUCTION 

In recent years there have been significant developments, both practical 
and theoretical, in the study of macromolecular dynamics using nuclear 
magnetic relaxation. In the practical sphere the availability of high-field 
multinuclear Fourier-transform spectrometers, with sophisticated computer 
systems, has allowed the measurement of a wide range of independent 
relaxation parameters. In turn these data have stimulated increasingly 
realistic theoretical analyses of macromolecular motions, which cover a 
wide range of amplitudes and timescales. In solution the motions range 
from small-scale oscillations with amplitudes of the order of 10" and frequen- 
cies of the order of 10" Hz, through segmental motions consisting typically 
of internal rotations through 120" at a frequency of lo' Hz, to overall 
molecular rotation at a frequency of perhaps as low as lo5 Hz. The purpose 
of relaxation studies is to determine the nature and rates of those processes 
controlling relaxation. 
ANNUAL REPORTS ON NMR SPECTROSCOPY 
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This article is restricted to studies of macromolecules in dilute (or reason- 
ably so) diamagnetic isotropic solutions where dipole-dipole coupling is 
averaged to zero. In principle, spectra are observed in which chemically 
shifted nuclei and spin-spin couplings are resolved. Thus, by studying 
relaxation of different nuclei, there is the possibility of drawing a detailed 
picture of the motions of different parts of the molecule. Furthermore, the 
article concentrates on the principles underlying the experimental and 
theoretical approaches to relaxation in synthetic and natural macro- 
molecules, rather than providing a comprehensive survey of applications. 
Attention is directed mainly to backbone motions. 

For a survey of earlier work on synthetic polymers, the reader is referred 
to the literature.’ Wuthrich and Wagner,’ and more recently Jardet~sky,~ 
have reviewed some aspects of nuclear magnetic relaxation in natural 
macromolecules. Though containing little on NMR, a review on theoretical 
simulations of protein dynamics is illuminating for the picture of 
macromolecular motions that it provides4 Finally, it is worth mentioning 
the surveys of NMR studies of synthetic and natural molecules which appear 
annually in the Nuclear Magnetic Resonance volume of the Royal Society 
of Chemistry’s Specialist Periodical Reports. These reviews include papers 
on the subject of this article. The basic concepts of pulsed FT NMR are 
described in several  monograph^.^ 

11. EXPERIMENTAL METHODS 

This section briefly outlines techniques available to study nuclear relaxa- 
tion. As described in more detail in the following section, relaxation 
parameters are related to molecular motion through a spectral density 
function, J ( o ) ,  which is expressed as a Fourier transform of a correlation 
function, G ( t ) ,  by 

+m 

J ( w ) =  G ( t )  eiwf d t  

The correlation function embodies the mechanisms and rates of the motions, 
and obtaining this function is the ultimate objective of relaxation studies. 
Unfortunately, magnetic relaxation measurements in a given magnetic field 
respond to values of J ( w )  at a very limited number of frequencies, and it 
is not practicable to obtain J ( w )  over a sufficiently wide frequency range 
and in sufficient detail to derive G ( t )  from a reverse transformation of 
equation (1). However, by measuring several relaxation parameters at 
different resonance frequencies, J ( w )  can be sampled discretely at a number 
of frequencies, giving some insight into the form of G ( t ) .  
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The most commonly performed relaxation measurement is that of the 
spin-lattice (or longitudinal) relaxation time, TI. This parameter depends 
on J ( w o )  and J ( 2 w 0 ) ,  where wo is the resonance frequency. Using presently 
available commercial spectrometers, wo spans the range 5-500 MHz depend- 
ing on magnetic field and nucleus. TI is relatively easily measured using a 
variety of techniques such as inversion recovery or progressive saturation.’ 
The phenomenon of cross-relaxation in spin-lattice relaxation gives rise to 
a number of interesting effects providing further dynamic information. 
Perhaps the most familiar of these is the nuclear Overhauser effect (NOE), 
which involves spectral densities at sum and difference frequencies w A  + w x  
and IwA- wxI as well as individual resonance frequencies oA and ox. If A 
and X are different nuclear species, both w A + w X  and IwA-wXI are in the 
same radiofrequency region as the resonance frequencies themselves. 
Although the NOE represents a different combination of J ( w ) ’ s  from TI, 
and is therefore an independent parameter, the information provided con- 
cerns the same part of the motional spectrum. However, if A and X are of 
the same species, the difference frequency 1wA-wXI is of the order of 
chemical shift, i.e. in the kHz region, and the NOE senses the spectral 
density at low as well as high frequencies. This attribute of the NOE has 
been exploited for both ~ynthe t ic ’ ,~’~  and natural macromolecules.6 

A relaxation experiment long in use for solid polymers but only recently’ 
applied to solutions is spin-lattice relaxation in the rotating frame ( T I P ) .  
This parameter senses the spectral density at the resonance frequency in 
the rotating B1 field, typically lO-lOOkHz, and therefore extends the 
frequency range into the valuable audio region. 

Measurements of spin-spin (transverse) relaxation times ( T2) are much 
less common than TI, principally because of the difficulty of measurement. 
In principle, T2 can be obtained from the linewidth at half-height, using 
the relation T2 = ( T ~ Y ~ , ~ ) ~ ’ ,  but the T2 contribution is frequently obscured 
by inhomogeneity broadening and line overlap. The spin-echo pulse 
sequence can be used,5 but care is needed because of its high sensitivity to 
pulse imperfection.I0 Bain et al.” have recently described an alternative 
method, which involves measuring the signal intensity as a function of the 
offset of a saturating radiofrequency field. T2 is of great significance in 
dynamic studies since it depends on J ( O ) ,  i.e. the area under the correlation 
function. 

Several nuclei have been used to study macromolecular motions. The 
most important are ‘H and I3C, since these occur naturally in practically 
all systems. Other nuclei that have been used are 2H,12-’4 l5 N,I5 I9F,l6 and 

P.17 The last of these is especially applicable to natural molecules. For 
‘H nuclei the predominant relaxation mechanism is dipole-dipole (DD) 
interactions with other protons, though there may be a substantial contribu- 
tion from paramagnetic centres, including dissolved oxygen, if present. 

31 
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Although 'H spectra have the advantage of high sensitivity, a serious 
disadvantage is the complexity of handling the large number of individual 
interactions in a typical polymer. For natural abundance saturated I3C 
nuclei bonded to protons, the predominant mechanism is DD interaction 
with the attached protons. Theoretical analysis of the relaxation parameters 
is therefore relatively simple. For quaternary and unsaturated 13C nuclei 
the situation is more complex. The chemical shielding anisotropy mechanism 
(CSA) is significant for unsaturated quaternary I3C nuclei at all resonance 
frequencies, and for unsaturated protonated I3C nuclei becomes increasingly 
so above 25 MHz. The same general behaviour probably applies to 15N 
relaxation, though few studies have been made. Poor sensitivity is a disad- 
vantage of both nuclei, in the absence of enrichment. For I9F and 31P nuclei 
the DD and CSA mechanisms are both operative, the balance depending 
on the proximity of other magnetic nuclei to the nucleus in question. 
Separating the contributions is relatively straightforward'* in small 
molecules where the extreme narrowing condition applies (W:T:<< 1). In 
macromolecules, where this condition generally does not apply, the task is 
difficult. For 'H nuclei the overwhelming mechanism is quadrupolar 
relaxation, which admits a particularly simple theoretical interpretation. 
Enrichment is usually required, however. 

The measurement of relaxation parameters for different nuclear species 
in the same sample is one method of probing the frequency dispersion of 
the spectral density. However, if the molecular motions are anisotropic, as 
is usually the case in polymers, the relaxation mechanisms for each nucleus 
will in general have different correlation functions, and it is advisable to 
study each nucleus at different frequencies as well. From this summary it 
appears that the most precise characterization of macromolecular dynamics 
is likely to be obtained from T,, T2 and NOE measurements for I3CH, 
groups over a range of resonance frequencies. 

111. THEORY 

A. Basic NMR theory 

Consider first the cases of two nuclei relaxing entirely by their mutual 
dipolar interaction, and of a single nucleus relaxing by the quadrupolar 
mechanism. In each case relaxation arises from a fluctuating Hamiltonian 
which can be written as a scalar product of two second-rank spherical 
tensors:19 

H =I (-l)'F,A-, 
4 

where A, contains spin operators and constants defining the magnitude of 
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the interaction and F, is a function of the Euler angles” giving the orienta- 
tion of the dipolar or electric field gradient tensors with respect to a reference 
frame. Fq is time-dependent because of random molecular motion, its 
average behaviour being expressed by a correlation function 

where the symbol 0 represents the angles specifying the orientation of the 
dipolar vector or the principal axes of the electric field gradient tensors 
with respect to the external magnetic field. If these tensors are axially 
symmetric, the function F,(fl, t )  is the same for both mechanisms and is 
equal to the element D,$”(l2, t )  of the Wigner rotation matrices.20 For an 
isotropic solution, the correlation function is independent of q. Relaxation 
parameters are related to G( t )  through the function J (  w )  defined in equation 
(1). Although polymer motion is often neither isotropic nor diffusional, it 
is helpful in understanding some important general properties of NMR 
relaxation to bear in mind the forms of G( t )  and J (  w )  for the simple case 
of isotropic rotational diffusion: 

G ( t )  = (1/5) exp(-ltI/.rc) (3) 

J ( w )  = (2/5).rc/(1+w2.r,2) (4) 

where .rC is the correlation time. The expressions relating relaxation par- 
ameters to J ( w )  are as follows: 

(a) Dipolar relaxation of two identical nuclei, A2, spin I = 1/2. Both 
longitudinal and transverse relaxation are exponential. 

where 

y is the magnetogyric ratio, r is the internuclear distance (assumed constant) 
and po and h have their usual meanings. As .rC (i.e. temperature) varies, Tl 
passes through a minimum when wArC = 0.616, whereas T2 decreases 
monotonically as .rc increases. In the extreme narrowing limit (wA27:<< 1) 
Tl and T2 are equal and independent of wA,  whereas in the opposite extreme 
(wA27:>>1) T,0cwA2 and T2<c T,. 

(b) Dipolar relaxation of two non-identical nuclei, AX, both spin 1/2. 
The time-dependence of the longitudinal magnetization components M z A  
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and Mzx is governed by the coupled equations 

The steady-state NOE of A on saturation of X is given by 

The relaxation behaviour depends on whether A and X are of the same 
species or not. Consider first the homonuclear case. Here loA- wXI << wA or 
w X  and hence J(w,  - w X )  --. J ( O ) ,  to all intents and purposes. The relaxation 
depends on the selectivity of the perturbation and the correlation time 
regime. For equal perturbation of A and X (non-selective pulses), both 
nuclei relax exponentially with the same TI which is identical to equation 
(5a). If only one nucleus (e.g. A) is perturbed (selective pulse), the recovery 
curve is in general bi-exponential, the time constants and relative magnitudes 
of the two contributions depending on whether wA2r:<< 1 or wA2r: >> 1. In 
the former case (fast motion) the recovery is effectively exponential with 
time constant. 

TIA-' = PA = C [ J ( W A -  Ox) + 3 J ( 0 ~ )  +6J(W,4+ W x ) ]  (8) 

In the slow motion case the time constants are very different and equally 
weighted. The time constants are approximately equal to p and p + u. Since 
in this regime J (  w A  - w X )  >> J ( w A ) ,  J (  w A  + w X ) ,  then p >> p + a, and the 
recovery consists of an initial rapid phase followed by a much slower second 
phase. Physically, the first stage represents transfer of spin energy from the 
perturbed to the unperturbed spin via the transition ap " p a  (spin 
diffusion) at a rate given by CJ(wA-wX) .  This process leads to internal 
equilibrium within the spin system, and is followed by much slower 
equilibration with the lattice via a t, p and aa +-* pp transitions represented 
by the J (  w A )  and J (  wA+ w X )  terms. During the recovery the initially unper- 
turbed nucleus shows a transient NOE,' positive for wA2r;<< 1 and negative 
for wA2r? >> 1. As a function of rc the steady-state NOE is a sigmoid form 
with limits of 1.5 for wA2r:<< 1 and 0 for oA27? >> 1. The latter represents 
saturation transfer from irradiated to observed nucleus. The NOE varies 
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with T= only over the approximate range 0.1 G OAT,< 10. The relaxation 
time of A while X is kept saturated is given by equation (8). Because of 
the J(w,-o,) term, this relaxation time behaves like T,, i.e. it decreases 
monotonically as T~ increases, and it provides a useful method of probing 
the low-frequency region.21322 

When A and X are of different species, one of them, X say, is usually a 
proton and broadband decoupling is normally used to simplify the A 
spectrum. Under these conditions, A relaxation is exponential with a relaxa- 
tion time as given in equation (8). For the heteronuclear case, ( w ~ - w ~ I  is 
of the same order of magnitude as wA, wx and wA+wX, and hence, as a 
function of T,, equation (8) behaves in a similar manner to equation (5a) 
already described. The NOE is given by equation (7), as in the homonuclear 
AX case, and varies with T= in the same way though with different limits. 
For the most common situation of a I3C-'H pair, the limits are 2.988 for 
OA T= << 1 and 1.15 for w A ~ T ~ > >  1. 

Transverse relaxation measurements in the homonuclear case are usually 
made using the Cam-Purcell-Meiboom-Gill spin-echo sequence23 with 
non-selective pulses. Provided the pulse interval is sufficiently short to 
suppress echo modulation from scalar T2 of both A and X is 
given by equation (5b) as for the A2 case. For the heteronuclear case with 
X-decoupling, T2A is given by 

c 
2 

2 2  

TzA-' =-[4J(o) + J(OA- Ox) + 3 J ( W , )  + 6 J ( w x )  + 6 J ( W , +  Ox)] (9) 

Note that the X-decoupling must be in the continuous wave mode in order 
to avoid artificial shortening of T2.25 

(c) Quadrupolar relaxation. For a single nucleus of spin I and an axially 
symmetric electric field gradient, Tl and T2 are given by equations (5a) and 
(5b) except that the interaction constant C is 

C = [e'qQ/41h(21 - I)]' 

where ( e 2 q Q / h )  is the quadrupole coupling constant in Hz. 

B. Relaxation in multi-spin systems 

In practice the simple systems described above are rarely encountered. 
In general there will be more than two interacting spins and possibly more 
than one mechanism. There are two exceptions which do effectively corre- 
spond to the simple situations. These are 13C relaxation in a saturated I3CH, 
group with proton decoupling (heteronuclear dipolar relaxation, case (b)) 
and 'H relaxation (quadrupolar relaxation, case (c)). In 'H relaxation, in 
the absence of paramagnetic centres, the dominant mechanism is 'H-'H 
dipolar relaxation between nearest neighbours, so that coupling of relaxa- 
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tion encompasses all protons in the macromolecule. For I3C, I9F and 31P 
nuclei, which usually occur in an isolated situation, relaxation arises from 
dipolar interaction with neighbouring protons, perhaps with a CSA contri- 
bution as well. The theory appropriate to a particular application therefore 
depends on the molecular structure. For the purpose of this article, the 
most important examples of multi-spin relaxation are I3C relaxation in 
saturated I3CH2 and I3CH3 groups and multi-proton systems. Attention will 
be confined to these two cases. 

A formal density matrix treatment of relaxation has been developed,26 
but the theory becomes prohibitively unwieldy for all except the simplest 
systems (see below). The theory requires the evaluation of cross-correlation 
functions between different interactions, as well as auto-correlation func- 
tions. If cross-correlation is neglected, as it usually is, the contributions of 
each relaxation source are additive. In the case of I3C relaxation in I3CH2 
and I3CH3 groups, dominated by dipolar interaction with attached protons, 
TI-'  and T2-' are given by multiplying equations (8) and (9) by 2 or 3 as 
appropriate. Equation (7) still applies for the NOE. For longitudinal relaxa- 
tion in 'H systems, equations (6a) and (6b) can be generalized, giving for 
each spin an equation of the form 

with 
pi=  1 C , [ J ( W ~ - W ~ ) + ~ J ( W ~ ) + ~ J ( W ~ + W ~ ) ]  

j# i 

The applications of these equations to the specific examples of 'H relaxation 
in vinyl polymers*' and 'H relaxation in  protein^^,^'^^^ has been described. 
In general, the relaxation of Mzi is multi-exponential, but under certain 
conditions the behaviour is simpler. For non-selective pulses and extreme 
narrowing, each spin relaxes at a characteristic rate with a relaxation time 
given approximately by 

TI reflects the mobility and magnitude of local interactions experienced 
by that nucleus. In the opposite extreme of slow motion (O:T; >> l),  all 
spins relax exponentially at the same rate because rapid spin-diffusion 
maintains a uniform spin temperature. The relaxation time is a population- 
weighted average of the individual Ti's given by equation (11 ) .  Thus 
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segmental detail is lost. However, it may be recovered by using a selective 
perturbation. Either the transient NOE following selective inversion’~* or 
the rate of development of the steady-state NOE following saturation of 
an individual peak6 can be measured. In each case the other protons show 
differential responses dependent on the relaxation efficiency of their interac- 
tions with the perturbed nucleus. 

Transverse relaxation in multi-proton systems is complex.24 However, if 
a non-selective Carr- Purcell-Meiboom-Gill spin-echo sequence is applied, 
with a r pulse repetition rate much greater than the spread of resonance 
frequencies, theory suggestsz4 that spin-spin coupled nuclei decay with the 
same relaxation rate which is an average of the individual relaxation rates 
given by generalizing equation (5b) 

T2L1 =; c C , [ 3 J ( 0 ) + 5 J ( W i ) + 2 J ( 2 W i ) ]  (12) 
j#i 

In the absence of spin-spin coupling, each peak should relax with its 
characteristic relaxation time. This behaviour has been observed in solutions 
of poly(methy1 m e t h a ~ r y l a t e ) ~ ’ ~ ~  and poly(methy1 a~rylate),~’ where it is 
found that the spin-coupled backbone proton T2’s are almost identical, 
whereas the non-coupled side-group T2’s are quite different. 

C. Cross-correlation effects 

Relaxation in A3 systems3’ and in AX2 and AX, systems32 has been 
rigorously analysed using density matrix theory, including cross-correlation 
effects. Cross-correlation manifests itself in non-exponential relaxation and 
in differing relaxation rates for the components of spin-spin multiplets. 
However, deviations from the simple additive scheme described above 
appear to be small if initial relaxation rates are considered and if there is 
no large motional anisotropy. There are few reports of cross-correlation 
effects in macromolecules. One example which has been described is that 
of markedly non-exponential methyl ‘H relaxation in poly(2,6-dimethyl-l,4- 
phenylene oxide),33 where highly anisotropic motion arises from rapid 
methyl internal rotation superimposed on much slower backbone segmental 
motions. Cross-correlation effects in 13CH2 and 13CH3 systems remain a 
possibly fruitful area of investigation. 

IV. CORRELATION FUNCTIONS FOR POLYMER MOTIONS 

Dynamically, macromolecules fall into two broad classes, conveniently 
termed “stiff” and “flexible”. The first class comprises those polymers with 
long-range structural order and which exist predominantly in one conforma- 
tion. The most important examples of this type are polypeptides, either 
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natural (proteins, enzymes) or synthetic, which under appropriate condi- 
tions adopt a well defined conformation held together by intramolecular 
hydrogen bonds and other inter-residue links. There is a large relaxation 
contribution from relatively slow overall isotropic or anisotropic tumbling. 
The second class, “flexible” molecules, comprises those polymers with a 
large degree of conformational disorder, relaxation being controlled by 
small-scale segmental motions which are faster than overall tumbling. Mem- 
bers of this class include synthetic polymers such as polyolefins, polyethers, 
polyamides and polyesters and natural molecules such as polysaccharides, 
and polypeptides in conditions where the “rigid” conformation is disrupted. 
Backbone motion in the two classes has attracted different theoretical 
approaches, and it is convenient to divide this section accordingly, though 
the categories are not mutually exclusive. The total correlation function can 
be written as a product of overall and internal correlation functions 

= GO(t)GI(t) (13) 

This factorization is exact for isotropic rotation and independent motions, 
and it has been shown to be a good approximation in the anisotropic case.34 
In flexible chains G( t )  decays entirely by GI( I )  (for sufficiently long chains), 
the effective motions being segmental. For stiff chains both terms may be 
important. 

A. Models for flexible chains 

In an earlier review’ experimental data on the dependence of TI and T2 
in synthetic polymers on molecular weight, concentration and solvent were 
surveyed. It is found that T, and T2 are independent of molecular weight 
above a fairly low critical value of 1000-10000, depending on chemical 
structure, and independent of concentration below about 10 weight ‘/o 

polymer. It is concluded that, for sufficiently large molecules in dilute 
solution, relaxation is controlled by segmental motions unaffected by chain 
length or bulk solution viscosity. The size of the mobile segment depends 
on the polymer structure. In poly(alkenes), for example, the segment appears 
to be only one or two monomer units,35 whereas in polyesters some effective 
segmental motions involve three or more repeat units.36 Quantitatively the 
relaxation parameters at ca. 300 K correspond to correlation times in the 
extreme narrowing region or in the region of the TI minimum, depending 
on chain structure. The shorter correlation times are shown by polyethers 
and poly( 1,4-dienes), and the longer times by vinyl polymers with either a 
large side-group (e.g. polystyrene) or multiple side-groups (e.g. poly(methy1 
methacrylate)). It was also observed that TI and T2 depended quite markedly 
on the solvent, the correlation time increasing regularly with increasing 
viscosity (for good solvents). Thus the rate of segmental motion depends 



BACKBONE MOTIONS OF MACROMOLECULES 189 

not just on an intramolecular internal rotation barrier but also on a local 
solvent-dependent friction factor. 

In view of the wide variety of possible segmental motions, with a wide 
variety of rates and mechanisms, it is not surprising that detailed quantitative 
examination of relaxation data shows that the isotropic rotational diffusion 
model for G,(t) ,  equation (3), does not hold for flexible polymers. The 
inadequacy is shown particularly clearly by I3C relaxation measurements 
where it is found37 that TI, T2 and NOE measurements cannot simul- 
taneously be simulated by the same value of 7,. The observed NOE's are 
lower than predicted from the correlation time extracted from the TI data. 
In addition, it was observed37b that the value of TI at its minimum is up to 
a factor of 2 greater than predicted by equation (8). In 'H relaxation, it is 
foUnd5,29,30 that T2 is significantly less than Tl even at temperatures well 
above that corresponding to the T, minimum, i.e. when extreme narrowing 
should apply. 

Initial attempts3* to rationalize the I3C relaxation parameters by a common 
correlation function invoked the idea of an empirical distribution of correla- 
tion times, writing G(t )  as 

G ( f )  = J m m  exp(-ltl/.c) dTc (14) 

where f ( ~ , )  is the normalized distribution function. The effect of such a 
distribution on the temperature dependence of relaxation parameters is to 
raise and broaden the T, minimum, displace the T2 curve to shorter values 
and broaden the NOE inflection. The NOE may be substantially less than 
maximal and T2 may be less than TI even though w:r$<< 1, where T~ is 
the mean correlation time. Conversely, when W:T: >> 1, a measurable NOE 
may be observable. However, a maximal NOE and equal TI and T2 values 
are predicted if all correlation times meet the extreme narrowing condition. 
It can appear therefore that chain motion proceeds by a single isotropic 
process. 

By using various distributions, it proved possible to rationalize experi- 
mental data sets in terms of the same correlation function.39 More recently 
distributions have been used to analyse 13C relaxation in polypropylene? 
p~ly(but- l -ene) ,~ '  terephthalic acid polyesters4' and poly(4-vinyl-N-n- 
alkylpyridinium bromides)? and 'H and I3C relaxation in poly( ~ - l y s i n e ) . ~ ~  
Wittebort et al. have used a rectangular distribution for 13C relaxation in 
poly( L-lysine) .44 

However, these functions have not been universally successful. Distribu- 
tions previously used3' for I3C relaxation are found to be unsatisfactory in 
a study of 'H relaxation in poly(viny1 acetate),2' which includes the measure- 
ment of 'H-'H cross-relaxation rates. The discrepancy lies in the fact that 
the l3C TI and NOE data probe the spectral density only over a limited 
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frequency range in the MHz region, whereas the 'H data give information 
in the kHz region, as well as the MHz region. Thus the distribution used 
is capable of adjustment to match the observed dispersion of J ( w )  in the 
MHz region, but not of adjustment to match J ( w )  in the kHz region as 
well. Schaefer's distribution3' also failed to give a satisfactory interpretation 
of 'H relaxation in poly(2,6-dimethyl-l,4-phenylene oxide).45 It would be 
possible to set up a distribution function capable of generating the observed 
frequency dispersion, but this would have suffered from the general objec- 
tion to the use of any empirical distribution function, namely that there is 
no direct connection between such a distribution and the mechanism of 
segmental motions. Indeed, there is experimental evidence pointing to the 
necessity of incorporating the specific conformational transitions avail- 
able to a particular polymer in an interpretation of relaxation data. For 
example, it has been found46 that in cis polybutadiene the ratio of I3C T, 
values for the CH and CH2 groups is 1.4, not 2 as expected if the two 
groups experience identical general backbone motions. The observed ratio 
has been r a t i ~ n a l i z e d ~ ~  in terms of a specific crankshaft-like conformational 
transition in which the CH and CH2 groups reorient by different angles, 
resulting in different correlation functions. A further example is relaxation 
in polysulphones. I3C relaxation parameters are found to be independent 
of molecular weight and comparable to those in vinyl  polymer^.^^-^' Relaxa- 
tion is therefore controlled by segmental motions. However, in dielectric 
relaxation the maximum loss frequency varies strongly with molecular 
  eight,^" consistent with relaxation by overall tumbling. The conflict has 
been rationalized4774' in terms of specific segmental motions which reorient 
the C-H bond vectors but not the sulphone dipoles. Thus, in order to 
achieve a proper understanding of relaxation in polymers, it is necessary 
to relate relaxation data to the conformational transitions accessible to a 
particular molecule. In practice, because of the limited frequency range of 
NMR data, the most promising method is to deduce the correlation function 
for a suggested mechanism, and test it against as wide a variety of data as 
possible. Various approaches along these lines have been made, some 
seeking analytical solutions for the correlation function, and others using 
numerical computer simulation techniques. The majority of applications 
have dealt with saturated polymers of the polyvinyl or polyether type, which 
can be fairly realistically represented as a chain on a diamond lattice. It 
should be borne in mind that an acceptable theoretical correlation function 
must be non-exponential since, as described above, certain experimental 
data cannot be understood by an exponential form. However, the fact that 
a consistent interpretation was obtained by representing the correlation 
function as a distribution of exponential functions does not necessarily 
imply the existence of a number of different relaxation processes, though 
that may be the case. Since a non-exponential correlation function can 
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formally be represented as a distribution, discrete or continuous, of exponen- 
tial functions, a single dynamic process could in principle be sufficient 
provided it results in a non-exponential correlation function. 

Before discussing those papers with particular relevance to NMR, it is 
worth mentioning some more general considerations concerning segmental 
motions, with a view to obtaining guidance on the most likely processes. 
Two principal factors determine the rate of a conformational transition. 
Firstly there are intramolecular bond rotational energy barriers and secondly 
there are hydrodynamic forces hindering the motion of segments through 
the medium. The former favour those transitions requiring rotation about 
the least number of bonds, and the latter favour those requiring the least 
displaced volume. On these principles, Iwata” has developed a model of 
polymer dynamics in terms of “crankshaft” transitions, i.e. those consisting 
of motion of a segment by rotation about two collinear bonds. Only the 
segment between the bonds moves, the remainder being unaffected. More 
than 2300 possible transitions of this type were located in segments up to 
18 bonds. Helfand5’ has investigated polymer conformational transitions 
more generally, classifying them according to the relative position in the 
initial and transition states of the “tails” attached to the segment undergoing 
the transition. Type 1* transitions are those which leave the tails undisturbed, 
e.g. crankshaft motions or the three- and four-bond transitions shown in 
Fig. 1; type 2” transitions are those in which the tails experience translation 

FIG. 1: Three-bond (left) and four-bond (right) transitions on a diamond lattice. From 
reference 80, with permission. 
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only, e.g. -ttt- c* -g+tg--; and type 3* transitions are those in which the 
tails experience reorientation and translation, e.g. the rotation about a single 
bond. For the type 1* transition, Helfand has modified Kramer's theory of 
the rate of passage over a potential barrier, obtaining in the high-friction 
limit (diffusion control) a rate constant expressed as 

6, is the friction constant for atom i in the mobile unit, situated a distance 
ri from the rotation axis. aA and aB are force constants such that the 
rotational potential energy near the initial state is approximated by 

and near the transition state by 

where A +  is the angular deviation. The solvent influences the transition 
rate through the friction coefficient .&. If li is proportional to the solvent 
viscosity T ,  the apparent activation energy of the transition rate (and hence 
correlation times) is E* + E,. Equation (15) clearly favours rotation of the 
smallest possible segment (to minimize Z &r?) about the fewest possible 
bonds (to minimize E*). 

The rates of type 2* and 3* transitions are less amenable to analysis. 
Intuitively one might expect these to be slower than type 1* because of the 
strong viscous drag on the bulky tails. However, initial approximate calcula- 
t i o n ~ , ~ ~  subsequently verified by computer Brownian dynamics simulations 
and theoretical analysis,54355 show that this is not necessarily the case. It is 
found that the tails do not behave as rigid bodies but that, as the segment 
rotates, there is an accompanying distortion of the tails which diminishes 
with distance from the motional centre. After the barrier is crossed, the 
distortions themselves relax by translation and/or rotation of the tail. In 
many instances it is found that the extent of distortion of neighbouring 
bonds is so great as to lead to two simultaneous transitions. This is par- 
ticularly likely when the first neighbour bond of the rotating bonds is trans, 
so that both single bond transitions and pair transitions such as ttg+ f* gftt 
are observed. There is some experimental evidence that single bond rotations 
are an important relaxation process, notwithstanding the need for motion 
of the tails. For example, experimental activation energies for correlation 
times in vinyl polymers,' obtained using either a distribution of correlation 
times or a non-exponential correlation function from a lattice model, lie in 
the region of 25 * 5 kJ mol-'. Taking an approximate activation energy for 
solvent viscosity of 10 kJ mol-', we obtain a value of the order of 15* 
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5 kJ mol-' for the intramolecular interactions. This is quite a low value, 
bearing in mind that the barrier in ethanes6 is 12 kJ mol-I. It is certainly 
more consistent with a single bond rotation than with the two or more bond 
rotations necessary in type 1* transitions. Indeed, Boyd and BreitlingS7 have 
calculated a value of c. 40 kJ mol-' for the barrier in polyethylene for the 
three-bond motion in Fig. 1. For the five-bond crankshaft transition 

-ttg+tg+tt- 4-B -g+tg+tg+tg-- 

the barrier is calculated to be about 24 kJ mol-I. Furthermore, from excimer 
fluorescence intensity measurements, Liao and Morawetz" have concluded 
that the process [ l ]  $ [2] has the same activation energy whether this 
fragment is incorporated in a macromolecule or is in monomeric form. 

C6H5 C6H5 C6H5 
I I I 

CH CH CH CH 

COCH, COCH, 
[I1 P I  

The first attempt to derive the correlation function appropriate to NMR 
relaxation for a specific molecular model of polymer transitions was 
developed using both Monte Carlo59-64 and analytical  method^.^^-^^ The 
following summary of the analytical theory is based on references 67-69 
and is referred to as the VJGM theory. It is assumed that the chain is 
distributed randomly on a tetrahedral lattice and that motion occurs by the 
type 1" three-bond and four-bond motions illustrated in Fig. 1.  All other 
type I *  transitions can be reduced to series of these basic modes.62 The 
general correlation function of the orientations of bonds p and q as defined 
in equation (2) can be written 

where i and j are unit vectors along the four directions a, b, c and d in the 
lattice (Fig. 1 )  and e P ( t )  is the probability that p is along j at time t. For 
isotropic chains it can be assumed without loss of generality that bond q 
is directed along a at t = 0. For tetrahedral lattice angles, equation (16) 
becomes 

For three-bond motions only with jump rate wj, the time dependence of 
Pap is given by 

Gp,(tf=&[paP(t)-il (17) 



194 F. HEATLEY 

where PqkP is the probability that bonds p, p + l ,  p + 2  lie along i, j, k, 
respectively. Using the relation 

C Pa/ = pa” - C Para” 
LJ # a I 

equation (18) becomes 

a Pa” -- - w3( pap-2-2pap+ Pa””) 
a t  

If Pap is treated as a continuous function of p, equations (17) and (19) can 
be rearranged to give the diffusion equation 

solution of which for infinite chains gives an autocorrelation function 

Gd t )  = exp(ltl/p) erfc(ltl/dt (21) 

where the correlation time p is related to w3 by 

p = (AZw3)-’ 

A is a constant which depends on the conformational probabilities. If trans 
and gauche conformations are equally likely, A = In 9. This correlation 
function decays rapidly initially, but at long times decays as tCf. The 
difiusion form appears because the three-bond motion does not create new 
orientations, only an interchange. 

If four-bond motions are also active, with transition rate w4, equation 
(20) becomes 

(22) 
aG,,(t) a2G ( t )  

a t  aP 
- (3.16 ~3 - 9.61 ~ 4 ) -  - 4.74 w4GPq( t )  

Note that this equation contains a diffusion term and a loss term, the latter 
arising because the four-bond motions create and destroy bond orientations. 
Jones and Stockmayer” have given the solution of an equation of the same 
form as equation (22) (see below). The solution for the autocorrelation 
function is 

~ ( t )  = exp(-ItI/~) exp(ItI/p) erfc(ItI/p)’ (23) 

with 8 = (4.74w4)-’ and p = [A2(3.16w3-9.61 w4)]-’. This function decays 
more rapidly than equation (21) at long times because of the O term. The 
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spectral density corresponding to equation (23) has been e~aluated:’~ 

(24) 
( 2:) ”( 00p ) [ ( 1 + w 2  62)i - ’3 - + -  - 

0 - P  1 + W 2 O 2  

It has also been suggested69 that the exp( -1 t i /  0) term in equation (23) can 
account for deviation from the strict conditions of a tetrahedral lattice and 
rigid tails. 

Although equation (23) resulted from the specific model of three- and 
four-bond motions, it was later recognized’’ that this correlation function 
is not special to this particular description. In general terms, the factors 
containing p represent processes of a cooperative nature leading to a 
diffusion of orientation along the chain, e.g. crankshaft or three-bond 
motions. The term exp(-1 t l /  0) represents processes leading to loss of 
orientation not necessarily with transitions of neighbouring bonds. 

Jones and Stockmayer” have suggested two modifications to the three- 
bond VJGM model with the object of producing a faster decay of the 
correlation function at long times than is given by equation (21). The first 
is to relax the coupling between neighbouring bond orientations so that a 
bond may rotate even though its neighbours are not in the correct orienta- 
tions for type l* processes. Equation (20) is modified to 

where f s  1 expresses the deviation from strict lattice conditions. Its solution 
is identical to equation (23) with 0 = [2(1 - f ) w 3 ] - l  and p = (A2fw3)-’. 

The second modification is to limit the conformational coupling to a 
finite chain segment, by imposing a sharp cut-off on the effects of directional 
coupling. This formulation is the one used by Jones et al. to analyse 
experimental data, and is referred to as the JS model. For the segment of 
2m - 1 bonds embracing the three-bond kinetic unit, equation (19) can be 
written in matrix form 

d P  
a t  
_- - - w3kP 

where k is an m x m matrix with elements 

Solution of equation (26) gives 

P a P ( f )  = A +  B 1 Cj, exp(-A,w,(t() 
j 
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where 

c,, = (mt __ sin($) 

hi = 4 sin2[jn/2(m + I ) ]  

A and B are determined by the initial and final conditions. The correlation 
function is expressed as a discrete distribution of correlation times 

As m increases, the long time behaviour of equation (27) approaches the 
tCi dependence of equation (21) for an infinite segment. The distribution 
of correlation times in equation (28) is conveniently characterized by the 
harmonic mean Th and arithmetic mean 7,: 

Th = ( Tkkl)-' ; 7, = ( Tk) 

rh is equal to ( 2 ~ ~ ) ~ '  for all m. Jones and Stockmayer7' have given hk and 
Bk for m values of 3, 5 and 7. 

Yaris and c o - ~ o r k e r s ~ ~ - ' ~  have pointed out that the Jones-Stockmayer 
finite matrix solution becomes unwieldy if the number of cooperating units 
is large, and have presented solutions of the continuum VJGM model for 
degrees of motional correlation intermediate between the infinite chain 
model [equation (20)] and the short segment sharp cut-off model [equation 
(26)]. Furthermore, recognizing that the diffusive equation (20) is a con- 
sequence of Markovian character rather than a specific property of the 
three-bond VJGM model, the form of equation (20) is retained with the 
microscopic rate parameter 4w, replaced by an empirical diffusion constant 
D. It is noted that the solution of the diffusion equation is an integral over 
the wave vector of a plane wave. However, on physical grounds not all 
wave vectors should be allowed. A lower wavelength limit is set by the size 
of the smallest displaceable segment and an upper wavelength limit is set 
by the finite chain length. In practice the upper limit may be shorter than 
the chain length because a conformational displacement diffusing along the 
chain will be damped out by various dissipative processes. In the first 
m ~ d i f i c a t i o n ~ ~  (the BY model) the upper limit is represented by a sharp 
cut-off. If kA and k ,  are the wave vectors for the long and short wavelength 
cut-offs, the correlation function is 
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where w A ( B )  = 2 k A , B , 2 D / 5 .  The corresponding spectral density is 

In the later a p p r ~ a c h ' ~  (the SY model) the sharp long-wavelength cut-off 
was replaced by the more physically reasonable device of an explicit 
damping added to the diffusion equation. Thus the master equation for the 
bond orientation probability is written as 

where p is the damping constant. This equation results in a damped diffusion 
correlation function 

where 

6 = DW:, W ,  = ( kB2 - p /  D)' 

k B  is the short wavelength cut-off as before. There are only two adjustable 
parameters. The corresponding damped diffusion spectral density is 

with 

A ( w ) = l  - 2 k ( o ) c ( w ) + k 2 ( w )  

B(w ) = 1 + 2 k (  w ) c( w )  + k2( w )  

c ( 0 )  ={4[1 - p / ( w 2 + p 2 ) ' ] } '  

s ( w )  = { f [ l + p / ( W 2 + p Z ) q } t  

The theories outlined above apply strictly to isolated chains with a uniform 
interaction with the medium along the chain contour. This condition should 
apply reasonably well for dilute solutions of loose random coils (i.e. a good 
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solvent). For more concentrated solutions, or for compact coil conforma- 
tions, the dynamics are affected by chain-chain interactions. Skolnick and 
Y a r i ~ ~ ~  have extended their theory to include this effect, stimulated par- 
ticularly by certain peculiarities of the poly(viny1 acetate)/toluene system 
described below. The chain-chain interaction is modelled rather generally 
in terms of scattering of waves at the chain contact point, leading to a 
complex damped diffusion equation: 

aP a2p 
at  ax 
- = D T - ( p + i y ) P  

Solution of this equation leads to a complex diffusion spectral density 
identical to the damped diffusion model equation (31), except the frequency 
is shifted by y :  

(32) 

In addition to these analytical approaches, two groups53-55*59-64.77 have 
studied polymer dynamics relevant to NMR using numerical simulations. 
Monnerie and c o - ~ o r k e r s ~ ~ - ~ ~  have simulated motions in polyethylene and 
polyethers using chains randomly generated on a tetrahedral lattice taking 
account of both excluded volume and the energy difference between gauche 
and trans rotational isomers. Three-bond and four-bond motions shown in 
Fig. 1 are allowed. Chain motions are simulated with a Monte Carlo 
technique in which, on each cycle, bonds are selected at random and 
examined to see if a motion is geometrically allowed. If so, the motion is 
performed or not, depending on the conformational energy of that particular 
sequence. Finally, correlation functions for bond orientations are evaluated 
from the evolution of the chain conformation. For poly( 1,3-dioxolan) [ PDO, 
(-OCH2CH20CH2-),I, polyoxetan [POP, (-OCH2CH2CH2-),], poly- 
tetrahydrofuran [PTHF, (-OCH2CH2CH2CH2-),I and polyethylene (PE) 
the correlation functions are fitted reasonably well (and especially at long 
times) by the function in equation (21). For poly(oxyethy1ene) [POE, 
(-OCH2CH2-),,I it is necessary to use equation (23) with O / p  = 150, while 
poly(oxymethy1ene) [POM, (-OCH,-),,] cannot be fitted with either 
equation satisfactorily. The order of mobility is found to be: 

POM<PDO<(POP=PTHF-PE)<POE 

in qualitative agreement with I3C T, ~alues.'~'' This order is understandable 
in terms of the ground-state conformations accessible to each polymer. Thus 
POM possesses a single predominant conformation, which does permit 
three-bond motions. However, following such a transition, the most likely 
event is the reverse, leading to no disorientation. On the other hand, in 
POE there are a number of significantly populated conformations inter- 
changeable by both three- and four-bond motions thus giving greater flexibil- 

JCD(W)  = JDD(W - 7 )  
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ity. PDO, POP, PTHF and PE are intermediate cases, moving predominantly 
by three-bond motions. 

have pursued a different approach to 
simulating polymer dynamics, making use of the vastly increased power of 
modern computers. Their method is to solve numerically the Langevin 
equation of motion of a chain of carbon atoms moving in a viscous medium 
subject to forces from bond rotations, bond stretching and bond angle 
bending, as well as a random Brownian force. As mentioned earlier, it is 
found that for polyethylene chains single bond rotations are quite feasible, 
though cooperative transitions may also occur. Any associated movement 
of the tails initially takes place by distortion of neighbouring bond rotation 
angles. Weber and Helfand77 have evaluated vector correlation functions 
for unit vectors oriented at different angles relative to the backbone. Those 
considered are the bond vector along a bond, the chord vector joining the 
mid-points of adjacent bonds, the out-of-plane vector perpendicular to the 
plane of the fragment and the bisector vector bisecting the C-C-C bond. 
It is found that the functions decay at considerably different rates, the order 
being 

out-of-plane = bisector > bond > chord 

Although these results apply to vector functions and not to second-order 
spherical harmonic functions arising in NMR relaxation, it may reasonably 
be inferred that dipole-dipole interactions oriented at different angles 
relative to the backbone will perhaps have different correlation functions. 
Hitherto it has generally been assumed that all interactions are dynamically 
equivalent, though it must be said that a lack of experimental data has 
prevented any other approach. The correlation functions are well represen- 
ted by a semi-empirical function of the form 

Helfand and 

G ( t )  = (1 - a )  exp(-Koltl) exp(-~l l t l )~o(K,l t l )+a exp(-pltO ( 3 3 )  

where I. is a modified Bessel function and a, p, K~ and K~ are constants. 
For the bisector and out-of-plane vectors, (Y is very small. 

The theories outlined here only consider segmental motions. If the poly- 
mer molecular weight is sufficiently small, overall tumbling becomes 
sufficiently rapid to make a significant contribution to the spectral density 
at nuclear resonance frequencies. Assuming that the overall tumbling is 
isotropic and independent of internal motions, this contribution can be 
accommodated7' by multiplying the segmental correlation function by the 
term exp(-ltl/TR), where T~ is the overall correlation time which for dilute 
solutions is given by 

where M is the molecular weight, qo the solvent viscosity and [ q ]  the 
intrinsic viscosity. 

TR = 2 M 7 ) 0 [ q I / 3 R T  ( 3 4 )  
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B. Applications of models for flexible macromolecules 

The correlation functions described above have been applied to numerous 
macromolecules, the most common being the VJGM and the JS models, 
equations (24) and (28). Details of polymers studied and methods employed 
are summarized in Tables 1 and 2 respectively. In most cases several 
independent items of experimental data at two or more resonance frequen- 
cies have been measured, thus giving a stringent test of the validity of the 
function. In general it is found that all data can be satisfactorily simulated 
within the limits imposed by experimental errors, approximations in relaxa- 
tion theory and uncertainties in geometrical parameters. A good example 
of the use of a variety of techniques, and of the agreement achievable 
between theory and experiment, is provided by the data' for isotactic 
poly(methy1 methacrylate) shown in Figs. 2-5. In this polymer the backbone 
methylene protons are not equivalent due to the chain stereochemistry. 
Ignoring the remote ester methyl signals, there are three peaks whose 
relaxation can be studied, the two methylene protons designated A (low 

T A B L E  1 

Relaxation studies using the VJGM model, equations (23) and (24). 

Polymer" Nucleus Freq. (MHz) Technique Reference 

PMPO, PPPO 

PS 

PVAc 

PB 
s-PMMA 

I-PMMA 

PMA 
AAP 

[ H  

I3c 

I3c 
' H  
IH 

' H  

I3c 

I3c 
'H 
'H 

'H 
l3c 
IH 

13c 
60, 100, 250 
15, 25.2, 62.8 
25.2 
15, 25.2 
60, 100 
80, 300 

100, 300 

22.6, 90.5 
25.2 
80, 300 
80,300 

80,300 
25.2, 62.9 
20,80 

TI 
T I ,  NOE 
T,,  NOE 
T I ,  NOE 
TI. T2 
T I ,  cross-relaxation 
rate 
T I ,  cross-relaxation 
rate 
T I ,  NOE 
T I ,  NOE 
TI> T2 
TI, T2 

TI, 7-2, 

TI 

transient NOE 

T I ,  NOE 

19 
19 
37b 
80 
80 
7,22 

21 

81 
37b 
29 

8 

30 
70 
70 

Abbreviations: PMPO, PPPO, poly(2,6-dimethyl- and -diphenyl-phenylene oxide); PS, 
polystyrene; PVAc, poly(viny1 acetate); PB, poly(but-1-ene); s-PMMA, syndiotactic 
poly(methy1 methacrylate); i-PMMA, isotactic poly(methy1 methacrylate); PMA, poly(methy1 
acrylate); AAP, aryl-aliphatic polyesters. 
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TABLE 2 

Relaxation studies using the JS model, equations (27) and (28). 

Polymer" Nucleus Freq. (MHz) Technique Reference 

PMFS, PPFS 
PM PO 

PI B 

Pc 

PE 

PVDC 

PSO 
PMVK 

I9F 
'H 
IH 
'H 
"c 
'H 

I3c 

lH 
13C 
IH 
'H 
' 3c 
'H 
I3c 
l3c 

"c 

28.2, 56.5 
30 
20, 40, 62, 90 
0.043, 30, 90 
22.6 
100 

25, 61 
20, 30, 90 
22.6, 69.2 
20,40, 62, 90 
20, 40, 62, 90 
22.6 
59.8 
15 
15 
15 

TI, NOE 

7-1 

T , ,  cross- 
relaxation 
Tl 
7-1 

7-1 
TI 
TI 
TI 
TI 
TI, NOE 
T, ,  NOE 
T I ,  NOE 

16 
33,45 
84 
9 
84 
85 

85 
86-88 
84, 86-88 
84 
84 
84 
89 
89 
90 
91 

Abbreviations: PMFS, PPFS, poIy( mela- and para-Ruorostyrene); PMPO, see Table I ;  
PIB, poly(is0butene); PC, poly(bis-(4-hydroxyphenyl)-2,2-propane carbonate); PE, polyethyl- 
ene; PVDC, poly(viny1idene chloride); PSO, poly(styrene oxide); PMVK, poly(methy1 vinyl 
ketone). 

field) and M (high field) and the a-methyl protons designated X. Tl and 
T2 measurements were made for all peaks at 300 MHz and T, measurements 
at 80 MHz from -20 to +140 "C. Also, at selected temperatures, the transient 
NOE of peak A following selective inversion of peak M is monitored to 
probe the rate of A-M cross-relaxation. Figure 2 shows the experimental 
data for 300 MHz. The Tl curves pass through minima at 40 "C (A, M) and 
10°C (X). The lower temperature for X is due to internal rotation of the 
methyl group. Although the major contribution to the A and M relaxation 
is their mutual dipolar interaction within a methylene group, their T, values 
are not identical because of slightly different interactions with the X protons. 
At lower temperatures, T,A and TIM approach one another in value because 
of averaging by rapid cross-relaxation. At all temperatures T 2 A  and T 2 M  are 
essentially identical because the rapid repetition rate of the Carr-Purcell 
spin-echo train renders them effectively equivalent. It is noteworthy that, 
as the temperature increases, the value of T2 approaches that of Tl but 
remains somewhat lower. 

To obtain the correlation times, the experimental data are compared with 
relaxation times calculated for a range of values of the correlation time p 
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' Or------ 

lOOO/T K-' 

FIG. 2. ' H  relaxation times at 300 MHz for a 1 %  (w/w) solution of isotactic poly(methy1 
rnethacylate), molecular weight 6.0 x lo5, in toluene-d,. 0 TIA; 0 T,M; A Tlx; 0 TZA; TZM; 
A TZx.  See text for designation of protons. From reference 8, with permission. 

and the ratio p / 8 .  The calculations are performed using a set of coupled 
relaxation equations as in equation (lo), assuming a purely intramolecular 
dipolar mechanism and including methyl internal rotation by jumps of 120°, 
with correlation time T ~ .  The procedure is to select a value of p /  8, determine 
the value of p reproducing the observed T,A at 300 MHz at each temperature, 
and then predict the remaining relaxation parameters expected for those 
values of p and p /  8. This is repeated for different ratios, and the predictions 
for each ratio are compared with experiment. The A and M relaxation times 
depend very little on T ~ ,  so the ratio .rG/p is held fixed at unity while 
determining p and 8. Figures 3-5 show the resulting simulations of TZA at 
300 MHz, T,A at 80 MHz and the transient NOE of A following selective 
inversion of M at two extreme temperatures. A comparison of experimental 
and predicted values permits a fairly precise determination of the best-fit 
ratio. Moreover, the three independent simulations, each of a very different 
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FIG. 3. Simulation of TZA from Fig. 2 using the VJGM model as described in the text. The 
lines are predicted values for the following values of p / O :  10 (dashed line); 1.0 (dotted line); 
0.5 (continuous line); 0.1 (line with circles). T J ~  is 1.0 for all curves except p / O = O . 5  for 
which ~ ~ / p  = 0.6. The symbols are experimental points. From reference 8, with permission. 

nature, agree very well in giving a value of 0.5 for that ratio at all tem- 
peratures. The calculated relaxation times depend strongly on internuclear 
distances used, which are evaluated for the preferred chain conformations 
using standard bond lengths and angles. Although questionable perhaps, 
this method does appear to give reasonable relative distances since the 
calculated proportional relaxation contributions agree well with those 
measured by Hatada et aLS2 using selectively deuteriated polymers. Thus 
the proportions of methylene relaxation arising from methylene, methylene- 
methyl, methylene-methoxyl and intermethylene interactions are 58, 20, 0 
and 22% respectively using the distances in reference 8,  compared with 
experimental valuess2 of 53, 17, 1 and 29%. Allowing reasonable uncertain- 
ties in the magnitudes of the distances produced an acceptable range for 
p f 0 of 0.25-1.0. 
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FIG. 4. Simulation of T,+, at 80 MHz for the sample in Fig. 2 using the VJGM model as 
described in the text. See Fig. 3 for designation of curves. From reference 8, with permission. 

TABLE 3 

I3C relaxation parameters (times in ms) for polystyrene in hexachlorobutadiene (10% w/w) at 
60 "C. 

TIC TIC TI C TIC NOE T2, 
(alpha) (alpha) (para) (para) (para) (para) 
1SMHz 2SMHz 1SMHz 2SMHz 2SMHz 2SMHz 

Experimental 19 42 82 50 2.0 26-41 
Calculated" 76 49 82 53 1.9 33 

Obtained using the VJGM model with p = 0.9 ns and 0 = 26 ns. 
From reference 80, with permission. 

A further example of the use of the VJGM model is given in Table 3 
which shows I3C relaxation data at two resonance frequencies for a solution 
of polystyrene.80 The agreement of the six experimental quantities with the 
predicted values is good. 
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FIG. 5 .  Simulation of transient NOE's of the A resonance following selective inversion of 
the M resonance for the sample in Fig. 2 using the VJGM model as described ip the text. 
(a) 140 "C; (b) -19 "C. See Fig. 3 for designation of curves. From reference 8, with permission. 

Correlation times and activation energies for these two examples, and 
the other vinyl polymers in Table 1, are summarized in Table 4. It must be 
borne in mind that these results are those obtained for a particular set of 
internuclear distances considered appropriate by the authors. Allowing a 
reasonable uncertainty in the distances, the results quoted should be con- 
sidered reliable only to a factor of 2 or so, either way. In spite of this 
qualification, some interesting features are evident which shed light on the 
physical properties of polymers in solution. In general it is found that p / O  
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TABLE 4 

Correction times and activation energies for the VJGM models. 

Temp. p E a  
Polymer" Ref. Nucleus Solventb ( K )  (ns) p l 0  (kJ mol-')' 

PM PO 79 'H, I3C CDCI, 
PVAc 21 'H toluene-d,, 

PS 37b I3C 
80 I3C 
80 ' H  
22 'H 
22 'H 
22 'H 
22 'H 

PB 81 I3C 

PC E 
HCB 
HCB 
CDCI, 

HCB 
C H I T  
PC E 

cc1, 

s-PMMA 37 "C ODCB 
29 'H acetone-d, 
29 'H toluene-d, 
29 ' H  PhN0,-d, 
29 ' H  CD,CN 

i-PMMA 8 'H toluene-d, 
PMA 30 'H toluene-d, 

323 0.55 
228 400 
298 1.5 
383 0.03 
303 4.0 
317 2.0 
317 2 
303 0.6 
303 1.6 
303 4.7 
303 2.6 
258 4.7 
313 0.54 
403 0.056 
303 0.9 
303 1.5 
313 1.5 
303 5.3 
313 1.9 
313 0.42 
298 0.63 

0.05 

0.07 
0.4 
0.07 
1 
0.08 
0.08 
0.08 
0.08 

0.1 
0.04 
1 .o 
0.7 
0.8 
0.9 
0.5 
0.4 

21 
32 

22 
24 
25 
29 
20 
23 

For abbreviations see Table 1. 
PCE, pentachloroethane; HCB, hexachlorobutadiene; CHIT, 90% cyclohexane-d,,/lO% 

' Activation energy for correlation time in parentheses. If no correlation time specified, p l 0  
toluene-d,; ODCB, ortho-dichlorobenzene4. 

is essentially constant. Uncertainty 10-20%. 

is less than unity, indicating the dominance of the diffusional characteristics 
of the motions. For PS there is a fairly wide variation in the best-fit 
parameters from different studies. To some extent this may arise from 
differences in geometry or experimental technique. For example, in the 13C 
studies, Heatley and use rCH = 110 pm whereas LauprGtre et aL8' 
use 107 pm. The experimental data of the former authors with the latter 
bond length reduce p / O  from 0.4 to c. 0.2. The discrepancy between the 
best-fit p /  O values, from the two 'H studies in hexachlorobutadiene, possibly 
lies in the fact that in reference 80 the lower frequency spectrometer is a 
non-Fourier transform pulse machine so that accurate measurements of 
individual proton TI values cannot be made. For s-PMMA there appears 
to be a significant difference between the 'H and 13C results, presumably 
due to different reorientation processes of the H-H and C-H vectors. 
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Two polymers, PS and s-PMMA, have each been studied in three good 
solvents and one poor one (CH/T and CD,CN respectively). In each case 
p /  6 depends very little on solvent, though the correlation times themselves 
vary systematically with viscosity for the good solvents. In the poor solvent 
the correlation times are longer than expected on the basis of solvent 
viscosity, due possibly to a less expanded conformation. The temperature 
dependence of p / 8  for PVAc is exceptionally large, showing a sharp rise 
below -10°C. This is attributed to a phase transition also observed in 
dielectric r e l a ~ a t i o n . ~ ~  Above the transition PVAc is a loose random coil, 
but below the transition it exists in a very compact conformation. 

The aryl-aliphatic polyesters studied by Tekely et al.” are of the general 
structure [3]. The carbons labelled 4, 5 and 6 are individually resolved, 

[ - C O ~ C O r ; l C H . C H 2 ( O C H 2 C H ~ ~ m O C H 2 C H z O -  5 -  6 1 
L A ,  

r31 

each giving slightly different p and 6 values as summarized in Table 5. The 
longer the alkyl chain, the shorter the correlation times and the larger the 
6 / p  ratio. The p processes are identified with fast type 1* or 2* motions 
and the 8 processes with slower type 3* long-range motions. 

TABLE 5 

VJGM model parameters for aryl-aliphatic polyesters 
(deuteriochloroform solution at 300 K). 

4 24 1.3 17 1.3 
5 20 1.2 15 1.2 
6 28 1.1 21 0.9 

From reference 70, with permission. 

Turning to the JS model, the most thoroughly investigated system is 
poly(2,6-dimethyl-l,4-phenylene oxide) (PMPO), for which ‘H and 13C Tl 
values have been measured for a wide range of frequencies and molecular 
weights (Table 2). Backbone segmental motions can reasonably be represen- 
ted by a diamond lattice model regarding the vertices as the oxygen atoms 
and the links as the -C6H2(CH3)2-0- repeat unit. In addition, it is necessary 
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to include internal rotation of the aromatic ring about the para C-0  bonds 
and of the methyl group about its C3 axis. The latter is much faster than 
any other process. Assuming aromatic rotation by jumps of 180°, indepen- 
dently of backbone motions, equation (28) becomes 

where 

A'=(3  cos2A-1)*/4+(3 sin4A)/4 

B'= ( 3  sin2 2A)/4 

rip is the correlation time for ring rotation. For interactions within the 
aromatic ring, A is the angle between the internuclear vector and the ring 
rotation axis and f is equal to 1 .  For interactions within the methyl group, 
h is the angle between the C ,  axis and the ring axis and f = 3(cos2 (Y - 1)*/4 
where (Y is the angle between the C3 axis and the internuclear vector. Figures 
6-8 compare experimental and simulated relaxation times. Figure 6 shows 
the methyl TI at 30 MHz as a function of molecular weight with the best-fit 

LOG Mv 

FIG. 6. Methyl proton T,  us. molecular weight for 10% (w/w) poly(2,6-dimethyl-l,4- 
phenylene oxide) in CDCI, at 20 "C and 30 MHz. The symbols are experimental values. The 
dashed line is a simulation using the JS model with T,, = 5.3 ns and 2m - 1 = 5, assuming a 
polydispersity M,/ M ,  = 1.5.  The solid line is a prediction for monodisperse fractions. From 
reference 45, with permission. 
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FIG. 7. Methyl proton TI us. resonance frequency for 10% (w/w) poly(2,6-dimethyl-l,4- 
phenylene oxide) in CDCI, at 40 "C. The line is a prediction using the JS model with parameters 
from reference 45. From reference 84, with permission. 
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FIG. 8. Methyl proton T,  and TIP us. molecular weight for 10% (w/w) poly(2,6-dimethyl-l,4- 
phenylene oxide) in CDC1, at 40 "C. 0 TI at 30 MHz; + T , ,  at 42.6 KHz. The solid lines are 
predictions using the JS model with parameters from reference 45. From reference 9, with 
permission. 

simulation for q, = 5.3 ns and 2m - 1 = 5.  Below a molecular weight of ca. 
lo4, overall molecular rotation contributes to relaxation. This is taken iuto 
account using equation (34) and a Schulz-Zimm molecular weight distribu- 
tion function with M,/ M ,  = 1.5. An unusual feature of the molecular weight 
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dependence is the minimum in T,. This is a consequence of the predomin- 
ance of the aromatic ring internal rotation which is approximately an order 
of magnitude faster than backbone rearrangements. Subsequent 
at different frequencies have compared experimental data with those predic- 
ted using the correlation times derived from the earlier As shown 
in Figs 7 and 8, the agreement is excellent, confirming the validity of the 
dynamic model. 

TABLE 6 

Correlation times, segment lengths and activation energies for the JS model. 
~ 

Temp. ‘h E,  
Polymer” Solventb ( K) (ns) 2m - 1 (kJ mol-I)‘ 

PMFS CDCI, 298 0.24 9-13 
C6D6 298 0.30 9-13 

CCI, 298 0.10 9-13 
C6D6 298 0.34 9-13 

PM PO CDCI, 293 3.0 5 25(7h) 
PI B CCl, 318 0.058 5 
PC CDCI, 263 0.37 11(7,) 

21(7h) 

PPFS CDCI, 298 0.33 9-13 

CDCI, 333 0.059 I:] 19(7h) 

5 

C2D2C14 253 1.17 

C,D2CL 393 0.034 17 

2 4 ( ~ ~ )  

:I C2D2C14 313 0.20 

PE decalin-d,, 363 0.0077 

PMVK dioxan-d, 299 0.54 5 20(7h) 
PVDC HMPA-d,, 313 0.22 5 

a For abbreviations see Table 2. 
HMPA, hexamethylphosphoramide. 
Uncertainty 10-20%. 

Table 6 summarizes the dynamic parameters obtained from applications 
of the JS model. Among the vinyl polymers, the fluorinated polystyrenes 
appear to have significantly greater dynamic correlation as judged by the 
2m - 1 values. This is in agreement with the VJGM data in Table 4, where 
polystyrene has on the whole the lowest p / 8  ratio. PMPO appears in both 
tables, but the motional parameters are not strictly comparable since, unlike 
the JS a n a l y s i ~ ~ . ~ ~ . * ~  the VJGM analysis79 does not include aromatic ring 
rotation. O’Gara et al.” have compared the dynamics of four polycarbonates 
based on the PC structure, with a view to correlating solution motions and 
bulk properties. The diamond lattice motions are comparable in the poly- 
mers, but the aromatic ring rotations are strongly affected by the structural 
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variations. The freedom of the ring rotation correlates with impact resistance 
in the bulk polymer, indicating the important role of this process in energy 
dissipation. 

The BY and SY models have been used by the authors to analyse 
experimental data obtained by other workers, principally the 'H relaxation 
data2' for poly(viny1 acetate) at 300MHz. In this study three types of 
measurement are made on the backbone methine and methylene protons 
(labelled A and X respectively): (i) the TI value using the standard inversion 
recovery sequence; (ii) spin-lattice relaxation of A (or X) when the other 
group is saturated by a second frequency; (iii) the NOE of A (or X) due 
to saturation of the other. The time constants for relaxation with saturation 
of the other peaks are denoted by T A A  and Txx. The Overhauser enhance- 
ments are expressed by the parameter vA or vx, defined by 

where S, and So are the intensities, in the presence and absence respectively, 
of the saturating field. TAA, Txx, vA and qx are related to cross-relaxation 
time constants TAX and T X A  by the equations 

T A  = 2 TAA/ TAX 

vX = TXX/ TXA 

These parameters involve spectral densities at the resonance frequency 
(300 MHz) and at the difference frequency wA - ox (930 Hz), so the spectral 
density is probed over a wide range. 

In the attempts to fit the data using the BY and SY models, equations 
(29) and (31), the motional parameters are first obtained from simulating 
T A A  and T,, and then used to predict ~l~ and vx. The results obtained are 
reported in Table 7. Both models fit the data equally well. The motional 
parameters are physically reasonable except at -45 "C. For example, in the 
SY model at that temperature the fitting apparently gives /3 > 6 which is 
equivalent to the damping length being less than the length of the smallest 
motional unit. Originally Heatley and Cox" analysed the data using the 
VJGM model, and they also found a large change in properties near - 10 "C 
(Table 4 and earlier discussion). The various models thus agree in diagnosing 
gross qualitative changes in dynamic characteristics. It is this transition 
which prompted the m~dification'~ of the SY theory to incorporate chain- 
chain interactions leading to equation (32), and a renewed attempt to fit 
the low temperature NMR data. This time the best-fit motional parameters 
are obtained from simulating TAA, Txx and TAX together. Multiple best-fit 
solutions for /3 and 6 are obtained, one being non-physical with /3 > 6, but 
the other being more reasonable in the sense that /3 < 6. At low temperatures 
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TABLE 7 

Analysis of 'H relaxation data for poly(viny1 acetate) in toluene-d, at 300 MHz using the BY 
and SY models. 

Experimental 

VX 

-45 180 330 -0.9 -0.6 
10 470 270 0.25 0.08 
30 550 250 0 0 

110 970 400 0.23 0.07 

BY model, equation (29 )  

T ( " C )  T A A ( m s )  TXX(ms)  7)A VX @A (108s-I) wg (108s-I) 

-45 202 279 -0.88 -0.61 2.6 2.6 
10 470 270 -0.315 -0.091 0.213 518 
30 550 250 -0.062 -0.014 0.101 356 

110 970 400 0.063 0.013 1.77 1130 

-45 202 279 -0.88 -0.61 2.6 0.24 
10 470 270 -0.315 -0.091 0.519 505 
30 550 250 -0.062 -0.014 2.31 353 

110 970 400 0.063 0.013 3.88 1210 

From reference 75, with permission. 

6 is substantially higher than at high temperatures and has a negative 
activation energy. It is pointed that 6 is a product of a diffusion 
constant and a short wavelength cut-off, and that the negative activation 
energy could arise from normal temperature dependence of the diffusion 
constant (i.e. positive E,) together with an increase in size of the smallest 
motional unit with temperature. 

C. Comparison of models 

The model correlation functions described above take an apparently wide 
variety of functional forms. However, when applied to the same set of 
experimental data, several groups have found little or nothing to choose 
between them. The case of the analysis of 'H relaxation in poly(viny1 acetate) 



BACKBONE MOTIONS OF MACROMOLECULES 213 

using the VJGM, BY and SY models has been discussed above. Further 
examples are provided by the various models used to analyse 13C relaxation 
in polystyrene9' and 'H and I3C relaxation in polycarbonates.88 For the 
polystyrene system the VJGM, JS and BY functions are used. From the 
comparison of experimental and simulated data in Table 8, all three models 

TABLE 8 

Comparison of experimental and calculated relaxation data for the methine carbon of 
isotactic polystyrene in o-dichlorobenzene at 35 "C and 22.6 MHz. 

Tz Model 
(ms) NOE parameters 

Experiment3' 65 
VJGM 66 

JS 65 

BY 65 

[equation (24)] 

[equation (28)] 

[equation (29)] 

~ ~~ ~ 

26 1.8 
25 1.8 p = 1.9 ns 

0=35ns  
28 2.07 T~ = 1.0 ns 

26 2.1 w A  = 6.3 x lo6 Hz 
2m-1=17 

wB = 4X lo9 Hz 

From reference 92, with permission. 

are acceptable within experimental error. As expected from this result, the 
spectral density functions shown in Fig. 9 are broadly similar in shape, and 
can be made to correspond very closely if measurements are confined to 
one or two decades of frequency. For the polycarbonate,88 the JS model is 
compared with the correlation function of equation (33) with a = 0. In spite 
of the differences in origin, the two models give satisfactory interpretations 
of the experimental data. For equation (33) the most important parameter 
is T ~ ,  the correlation time for cooperative transitions, which is comparable 
in size to the JS three-bond parameter T ~ .  Thus it appears that the two 
models agree in characterizing the cooperativity of the chain motions. In 
the polyethylene  simulation^,^^ cooperative transitions are in the minority, 
the most important process being one-bond rotations. The concurrence with 
the JS model for polycarbonates perhaps reflects the more complicated 
repeat unit. Alternatively, the cooperative transitions may be composed of 
two close sequential single transitions. It is significant that both models of 
the segmental motion give similar values for the correlation times for internal 
rotation of the backbone aromatic rings. 

Weber and H e l f a ~ ~ d ' ~  have compared their semi-empirical function 
equation (33) and the VJGM model equation (21), using the latter to replace 
the terms exp(-K,ltl) I o ( K l [ t l )  in equation (33). There is a general 
resemblance, with very good agreement at long times but not at short times. 
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FIG. 9. Spectral density us. frequency for models fitted to experimental data for a solution 
of isotaetic polystyrene (Table 8). - BY niodel; - - - VJGM model; . . . . . JS model. From 
reference 92, with permission. 

It is clear that available experimental data can be fitted acceptably by 
several functions. Those described have been based to varying extents on 
a physically realistic model of conformational transitions, so their agreement 
is perhaps not surprising. Their physical significance has however been 
que~tioned:~ and it has been shown that a highly idealized model of 
anisotropic rotations of a series of coaxial cylinders can generate a correla- 
tion function practically identical to the JS model. It is not sensible therefore 
to attach much physical significance to the derived motional parameters, 
though variations with temperature or polymer structure may suggest quali- 
tative changes in motion. At present the limitations in accuracy and 
frequency range of NMR data appear to preclude a differentiation of the 
models described. The Weber-Helfand approach77 appears to have a 
sounder basis, and it seems that it would be worthwhile to carry out a 
detailed study of both 'H and 13C relaxation in a suitable system to see if 
the correlation functions for internuclear vectors at different angles to the 
backbone do indeed differ in the way suggested by the dynamics simulations. 

D. Models for stiff macromolecules 

Most of the molecules falling under this heading are of biological origin, 
though synthetic polypeptides may also be members under suitable condi- 
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tions. An extensively studied example of the latter class is poly( y-benzyl-L- 
glutamate) (PBLG) which forms a molecular solution of regular a-helices 
in dimethylf~rmamide.~~ Table 9 gives experimental data9' for the a-carbon 
relaxation in this system as a function of molecular weight, concentration, 

TABLE 9 

I3C relaxation data for the a-carbon of PBLG in dimethylformamide-d, at 60 "C. 

Concn. 
Mol. wt." (mg cm-') 

Temp. 
("C) NOE 

35 000 50 
81 000 50 
35 000 50 
81 000 50 
35 000 50 
81 000 50 
81 000 100 
81 000 50 
81 000 25 
81 000 12.5 

60 
60 
60 
60 
30 
30 
60 
60 
60 
60 

75.5 
75.5 
25.1 
25.1 
25.1 
25.1 
75.5 
75.5 
75.5 
75.5 

320 11.0 
489 6.1 

75 10.3 
147 6.0 
90 9.1 

160 2.9 
532 3.8 
489 6.1 
500 7.2 
- 7.6 

1.2 
1.5 

1.1 
- 

Fractions with M J M ,  = 1.08. 
From reference 95, with permission. 

temperature and resonance frequency. In contrast to the class of flexible 
macromolecules, TI and T2 are strongly dependent on molecular weight up 
to the highest value studied of 81 000, corresponding to a degree of poly- 
merization of 500 or so. This value is much higher than the usual critical 
value at which the relaxation times reach a plateau in flexible polymers, 
and suggests a substantial, if not dominant, contribution to relaxation from 
overall molecular tumbling. In support of this conclusion we note that TI 
decreases with increasing temperature, that TI depends strongly on the 
resonance frequency and that T2 is very much less than TI. All these 
observations are consistent with relaxation via a slow process meeting the 
condition ~0272 >> 1. 

However, there is abundant evidence that overall tumbling, although it 
may be the major process, is not the only contributor. For example, the 
NOE for molecular weight 81 000 increases from 1.1 at 25.1 MHz to 1.5 at 
75.5 MHz, whereas for a single slow process the NOE should remain at its 
minimal value. Also, although TI increases with increasing resonance 
frequency, it does not do so in proportion to the square of the frequency. 
Similar anomalies in I3C relaxation in haemoglobin, serum albumin and 
alumichrome have been ~urnmar i zed .~~  Furthermore, rotational correlation 
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times calculated from TI values assuming a rigid molecule differ significantly 
by up to a factor of 2 from correlation times obtained from light ~ c a t t e r i n g . ~ ~  
Initial attempts to resolve these discrepancies in terms of rotational 
a n i s o t r ~ p y ~ ~ . ~ ~  and free internal bond rotation99 have been unsuccessful. 
For I3C relaxation the possibility was also r a i ~ e d ~ ~ ~ ' ~ ~  that the mean C-H 
bond length could be rather greater than the commonly accepted value of 
109 pm. However, the last explanation cannot explain the anomalous 
frequency dependence of the NOE, since the NOE is independent of the 
C-H distance for purely dipole-dipole relaxation. 

A more satisfactory explanation of the observed relaxation behaviour 
can be found in terms of slow overall motion combined with limited 
amplitude rapid internal motions. The computer simulations of protein 
dynamics reviewed recently4 show that the basic framework undergoes a 
wide spread of oscillatory motions (librations) such as vibrational bending 
modes and torsional oscillations, collectively resulting in excursions of the 
order of 10" of bonds from their average orientation. These motions have 
the effect of partially averaging dipole-dipole interactions, thus reducing 
the extent of correlation to be lost by the overall motion. The distinction 
between internal and overall motions has formed the basis for several 
practical approaches to relaxation in stiff chains, using various models for 
the internal motions. 

Lipari and S ~ a b o ~ ~  have discussed in detail the general theory of relaxation 
by internal and overall motions, and they have evaluated correlation func- 
tions for various specific models for both processes. The overall motions 
may be represented in general by a rotational diffusion process with a degree 
of anisotropy depending on the molecule. For proteins and other molecules 
with an irregular folded backbone conformation approximating a spherical 
segment distribution, the assumption of isotropic rotation is appropriate. 
For molecules such as synthetic polypeptides and DNA fragments, which 
have extended helical conformations, overall rotation will be highly 
anisotropic, resembling that of a prolate ellipsoid. For isotropic rotation 
Go( t )  is exp(-ltl/TM) with T~ = (6D)-' where D is the rotational diffusion 
coefficient. For anisotropic rotation of a prolate ellipsoid, Go( t )  is"' 

Go( t )  = $$(3 cos2 p - 1)2 exp( - t /  7J + sin2 2p exp( - t /  TB) 

+ i s i n 4 p  e x p ( - t / ~ ~ ) ]  (36) 

where 

7 A - I  =6D,; 7 B - I  =5D, + Dll; 7C-l =2DL +4D11 

Dll and D, are the rotational diffusion constants about the long and short 
axes respectively, and p is the angle between the interaction vector and the 
long axis. 
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The correlation function for internal motions can be written generally as 

Gdt) = (P2(p(O) d t ) >  

where p is a unit vector describing the orientation of the interaction vector 
in a reference frame rigidly attached to the macromolecule, and P2(x)  is 
the second Legendre polynomial 

From the definition, G,(O) = 1. Lipari and S ~ a b o ~ ~  also show that the limiting 
value of GI( t )  as t -+ 03 can be written 

Gdw) = jj d n l  d% P(n1)P2(cos e12)P(n2) 

where 0, and C12 are the polar coordinates describing two states of p, P ( n )  
is the normalized orientational probability distribution of p, and 612 is the 
angle between pI and p2. In general, for motions limited in amplitude, 
G,(w) is less than unity but not zero. Thus GI( t )  decays from unity at t = 0 
to an asymptotic value G I ( a )  as t increases. The value of G,(w) depends 
on the spatial restriction of the orientations of the interaction, while the 
form of the decay depends on the rate and mechanism of the motions. 
Lipari and Szabo have expressed G,(co) in terms of a generalized order 
parameter S by the relation 

G,(w) = S2  

The term “generalized order parameter” arises by analogy with the more 
familiar order parameter used in the analysis of NMR data in membranesIo2 
and liquid crystals.’03 GI( t )  then becomes, in general, 

GI( t )  = S 2 +  (1 - S 2 ) f ( t )  

where f ( t )  describes the time dependent part of G,( t )  with the properties 
f(0) = 1 and f ( c o )  = 0. In the general case, GI( t )  has the form 

GI( t )  = S2 + 1 a, exp( - t /  T i )  
i = l  

(37) 

where the length of the sum, the amplitudes ai and the correlation times T~ 

depend on the mechanism of the motion. The total correlation function 
(for isotropic overall tumbling) is then 

G ( t ) = -  5 “ S2exp(-f/7,)+ i = l  1 ai exp(-f/r,*)] 

where 
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The spectral density is 

1 
If all the internal motions are much faster than overall tumbling ( T~ << TM),  

and sufficiently rapid to meet the extreme narrowing condition for the largest 
frequency involved in a particular measurement, J (  w ) becomes 

which is equivalent to 

3 s2TM 2 + ( 1 - s 2 ) T e  
5 I + O ~ T M  

where re is an effective correlation time defined by 

(1 - s z ) T , =  C UiTi 
i = l  

An identical alternative definition of T,  which may be useful in some 
circumstances is 

If any of the T ~ ’ S  are much slower than overall tumbling ( T ~  >> T ~ ) ,  the simple 
form of equation (40) is retained. For example, if T ,  >> TM but T~ << TM for 
i s 2 ,  one finds 

with S’2 = S2 + u1 and (1 - Sf2)7, = C i Z 2  Q ~ T ~  If any of the T ~ ’ S  are comparable 
to rM, the more complex expression equation (38) applies. 

When the overall motion is anisotropic rotational diffusion with axial 
symmetry, the total correlation function can be obtained by combining 
equations (36) and (37). With the same assumptions concerning relative 
rates of motion, as used to derive equation (40), the spectral density is given 
by 

J ( O )  =${~’[:(3 cos2 p - 1)*TA/(1+w2TA2)+t(sin2 2 ~ ) 7 ~ / ( 1 + w ~ 7 ~ * )  

+ $(Sin4 p ) Tc/ ( 1  + O 2 T c 2 ) ]  + (1 - s2) Te} (43) 

Equation (40) is described as “model-free”, in the sense that in its 
derivation no particular mechanism is assumed for the internal motions. 
Provided the conditions of extreme narrowing and isotropic rotation condi- 
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tions are met, it provides a simple but generally useful representation of 
the spectral density with only three unknown parameters, and is capable 
of relatively straightforward experimental testing, for example by measure- 
ments of 13C T,, T2 and NOE data at two resonance frequencies. The order 
parameter S depends only on the spatial restriction of the motion. However, 
the effective correlation time T,  depends on the spatial restriction and the 
rate of motion. It is interesting to note that an expression identical to 
equation (40) has been used to interpret relaxation in m i ~ e l l e s . ’ ~ ~  Here T M  

represents a slow process associated with overall micelle motions, and T ,  

is associated with fast segmental motions within the micelle. 
It is worth pointing out that equations (39) and (42) show that only 

limited information on internal motions is available from NMR data. For 
all motions in the extreme narrowing limit, only a single effective correlation 
time can be found. No information on motions much slower than overall 
tumbling can be obtained. The motions can be completely characterized 
only if they are comparable to overall motion and not in extreme narrowing. 
Note also that if the molecule is sufficiently small, so that w 2 7 M 2 < <  1,  the 
internal and overall motions cannot be separated, since J ( w )  is independent 
of frequency. 

Qualitatively a spectral density of the form of equation (40) allows a 
rationale of the inconsistencies mentioned earlier between experimental 
data and expectations for a rigid molecule. If the overall motion is very 
slow such that w ~ T ~ ~  >> 1, and the internal motions are significant such that 
S2 < 1, then J ( w )  = 2(1- S2)7 , /5  and is independent of frequency. If, 
however, S 2 =  1, then J ( w )  = 2 S 2 / ( 5 0 2 ~ M )  and is strongly dependent on 
frequency. In the former case, the NOE’s will take their maximal values 
and TI will be independent of frequency. In the latter case the values of 
the NOE’s will be minimal and TI will vary as w:. Between these two 
extremes intermediate behaviour will be observed, depending on the relative 
contributions of the overall and internal motions. Thus Tl may depend on 
wo, but may vary as some power between 0 and 2. As wo increases, the 
relative contribution of the overall tumbling term decreases, so the NOE 
may increase. The incorporation of rapid internal motions increases Tl and 
T, compared with their value in a rigid molecule, so the correlation times 
obtained using the rigid model are overestimated. 

Lipari and S ~ a b o ~ ~  have evaluated the internal correlation function for 
a number of specific models. One particularly interesting group can be 
generally classed under the term “diffusion in a cone”, which seems a 
reasonable model for oscillatory modes (vibrations and torsions). The 
librations are pictured as causing random motions of a bond within a cone 
with axis oriented along the equilibrium bond direction. Motions of this 
type have also been studied by several other g r o ~ p s . ~ ~ , ~ ~ ~ - ~ ~ ~  The simplest 

is to treat the motion as diffusion around the surface of the cone, 
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i.e. as an internal rotation. If 0 is the semi-angle of the cone and D, the 
internal diffusion constant, in equation (40) 

s = $(3 C O S ~  e - 1) (44a) 

(44b) (1 - S2) T, = $(3 sin2 2 e + f sin4 e) /  D, 

A more realistic assumption is that the bond undergoes free diffusion 
anywhere within the cone.1053106,1093110 The order parameter is 

s = cos e(i  + cos 8112 (45) 
and G , ( t )  is rigorously given by an infinite sum: 

m 

GI( t )  = S 2  + 1 ai exp( - biD,t) 
i = l  

Kinoshita et have calculated the coefficients ai and bi numerically. 
More conveniently, Lipari and Szabo106 have shown that the time-dependent 
part can be represented accurately by a single exponential with effective 
correlation time T, obtained using equation (41), giving 

Q( 1 - s ~ ) T ,  = x2(1 +x)’(ln[(l +x)/2]+ (1 -x)/2}/[2(x - I)]  

+ ( 1 - ~ ) ( 6 + 8 ~ - ~ ~ - 1 2 ~ ~ - 7 ~ ~ ) / 2 4  

where x = c o s  8. Thus equation (40) is a very good approximation. Using 
the same idea of free motion within a cone, but assuming reorientation by 
random jumps between a large number of discrete orientations, H ~ w a r t h ’ ~ ’  
has obtained a correlation function identical to equation (40) with S given 
by equation (45) and 7, equal to the reciprocal of the mean jump rate. 

Another physically reasonable model for internal motions is that of jumps 
between a number of discrete states as might apply for example to internal 
rotations of a C-C bond between distinct conformations. There may of 
course in addition be librational motions in each state. Wittebort and Szabo” 
have shown that for N states the correlation function can be expressed in 
terms of the eigenvalues and eigenvectors of an N x N matrix involving 
the jump rates and the geometry of the states. The correlation function 
takes the form of equation (37) with N terms in the sum. Note that the ai 
and T~ are composite functions, and do not necessarily represent individual 
rate processes. Explicit expressions for a two-state model have been given 
by Hogan and Jardetzky” and Lipari and Szabo,’lo the former restricting 
discussion to equal populations of each state. (Note that Lipari and Szabo 
have corrected an error in a formula of Hogan and Jardetzky.) The combined 
effects of internal rotation and librations have been discussed, for the case 
of the methyl group,107*108 with particular reference to the situation of the 
methyl group attached directly to the backbone, as for example in an alanine 
residue in a protein. A simple but reasonable model assumes free rotation 
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of the methyl group superimposed on "diffusion in a cone" librations of 
the internal rotation axis. The following expression for the term (1 - S2)re 
in equation (40) is due to Brainard and Szabo: 

(1 - s2) 7, = ;s:/ &+ (1 - S,2){(6D,)-' 

+ ( DI)-'[$ sin' 2p/(6 + a) + $ sin4 p /  (6 + 4 4 1 )  

where 
(T= DdD1- l  

DR is the methyl rotation diffusion constant, D, is the rotation axis diffusion 
constant, and /3 is the angle between the interaction vector and the rotation 
axis. S,  is the orientation parameter for the libration and is expressed in 
terms of cone semi-angle by equation (45). Lipari and Szabo'" have pointed 
out that, if equation (40) is valid, it is not possible to determine DR and 
D, individually, since an infinite number of pairs can give the same re value. 

In order to investigate the range of validity of the approximate spectral 
densities, equations (40) and (43), Lipari and S ~ a b o ~ ~  have used these 
functions to fit synthetic data generated using exact formulae for various 
models such as equation (38). The best-fit values of the generalized 
parameters S2  and re are compared with their exact values. In summary, it 
is found that, if S2  2 0.3, a set of measurements (TI, T2, NOE) at two fields 
gives fairly accurate values of S' and re (within -15%), with little restriction 
on the magnitudes of re, rM or wo. For lower values of S 2 ,  down to 0.01, 
reasonably accurate determination of S2  and re within 25% requires the 
conditions re/rM<O.l  and w,re<0.5, where w,  is the highest frequency 
involved in the experimental data. The greater the inequality between re 
and TM, and the greater the conformity with extreme narrowing for re, the 
smaller the error, reaching a few '/o for T e / 7 M < 0 . 0 1  and wre<O.l .  For 
anisotropic rotation, rM in these inequalities should be replaced with the 
shortest correlation time for the overall motion. 

King, Jardetzky and c o - ~ o r k e r s ~ ~ " ~ - ~  l4 have described a formal theory 
of relaxation in systems with multiple motions, based on the theory of 
Markov processes. This requires that the dynamics can be represented by 
a set of transition probabilities from one state to another and that these 
probabilities are independent of the previous history. For a single motion, 
the spectral density for the correlation function of a dynamic variable F is' l2  

where 4n and A, are the eigenfunctions and eigenvalues of a transition 
operator constructed from the transition probabilities, i.e. 

w, = L 4 n  
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For multiple independent motions, M in number, the spectral density is 
I /  M \ 1 2 / M  \ 

In practice the A’s are likely to fall into well spaced groups of near identical 
values, and this expression operationally becomes114 

2 G i i i  
J ( W )  = -- c 

5 i = l  w + A i  

where the Gi and x i  are effective amplitudes and rates. The ai are subject 
to the conditions G i z O  and c G i =  1. Defining correlation times by r i =  

-(xi)-’, this expression becomes 

The formal similarity to equation (38) of Lipari and Szabo (and to equation 
(28) of Jones and Stockmayer) is obvious, though neither the division into 
overall and internal modes nor the distinction of different modes of internal 
motion is here made explicit. The approach results effectively in a discrete 
distribution of correlation times. If all the ri, and M - 1  of the Gi values 
are independent, then at least M - 1 independent experimental measure- 
ments are required to characterize J ( w ) .  In practice, because of experimental 
errors and the limited frequency range of NMR data, the number of 
independent terms capable of being solved with reasonable certainty is 
limited to three or less. Even so, such a solution requires that the G, are of 
reasonable magnitude, that the ri are fairly well separated and that w2r? a 1 
for each T~ for at least some of the measurement frequencies. 

E. Applications to stiff molecules 

Lipari and Szabo”’ have applied their model to I3C experimental data 
for several biological macromolecules, including basic pancreatic trypsin 
inhibitor (BPTI), sperm whale myoglobin and bacterial dihydrofolate reduc- 
tase. In each case isotropic rotation was assumed, the values of rM meeting 
the condition w 2 r M 2 z  1. A spectral density of the form of equation (40) is 
assumed. 

For BPTI, 13C Ti's and NOE’s are availablelo’ at 25.1 MHz and Ti's at 
90.5 MHz for backbone and side-chain nuclei in several residues. For each 
nucleus, equation (40) gives a good representation of all relaxation 
parameters. For the a-carbon envelope, whose relaxation is determined by 
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backbone motions alone, the best-fit parameters are TM = 4.53 ns, re = 20.1 ps 
and S 2  = 0.874. Since T ~ < <  rM and S2 > 0.3, the error in these values is quite 
small. The magnitude of S indicates substantial librational motions of the 
backbone. Assuming the diffusion in a cone picture for the sake of illustra- 
tion, this value of S corresponds from equation (45) to a cone semi-angle 
of 17". For several individually resolved methyl signals from alanine residues 
the values of 7, are rather longer (40-7Ops) and the values of S z  much 
smaller (0.013-0.058) than for the a-carbons. For these groups the internal 
motions consist of methyl rotation combined with the backbone librations 
detected in the a-carbon relaxation. The larger value of T, for the methyl 
would arise if the methyl rotation were slower than the librations, though 
still much faster than overall tumbling. The lower values of S2  are a 
consequence of the greater degree of internal freedom. For methyl rotation 
without libration, the spectral density would effectively be that for 
anisotropic rotational diffusion, equation (36), where D, corresponds to 
overall rotation and Dll to the methyl rotation. For fast internal rotation 
(Dll>> D, and D,12<< o:), equation (34) reduces to equation (40) with 
S2 = a(3 cos2 p - 1)2 where p is the angle between the C-H bond and the 
methyl symmetry axis. For tetrahedral geometry, p = 70.5" and S2 =0.111. 
That the observed values of S2,  for the alanine methyls, are less than 0.1 11 
is indicative of librational motions. Using the diffusion in a cone model, 
the libration cone semi-angle is calculated as 30-60", depending on position. 
Interestingly, those residues Ala-27 and Ala-58 with semi-angles 50" and 
60" respectively are located in regions predicted to have relatively high 
mobility by molecular dynamics ~ i r n u l a t i o n ~ . ~ ' ~  

For the myoglobin and dihydrofolate reductase the experimental data 
are less extensive than for BPTI and are limited to methyl carbons in the 
isoleucine and methionine moieties."' In each case the methyls have several 
internal rotation degrees of freedom, as well as librational modes. Although 
equation (40) gives a satisfactory representation, it is impossible to deduce 
any information on the backbone motions because of the many contributions 
to S2 and re. 

Ribeiro et d ' I 4  have analysed I3C relaxation in BPTI using equation 
(46). TI, T2 and NOE data are measured at 45 and 90 MHz. As a constraint 
on the fitting procedure, one of the correlation times, T ~ ,  is fixed at the 
value of 1.7 ns determined by depolarized light scattering for the overall 
rotational diffusion process. In the a-carbon regionfour peaks were studied, 
and the best-fit motional parameters obtained separately for the three 
measurements at each frequency. At least three terms in equation (46) are 
required, giving four unknown parameters. (It is unclear how four par- 
ameters are determined from only three experimental items.) The experi- 
mental and calculated relaxation data are given in Table 10, and the reported 
motional parameters in Table 11. One of the variable terms turns out to be 
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TABLE 10 

Comparison of calculated and experimental "C relaxation data for a-carbon peaks of BF'TI at 
17 OC and pD 5; the motional parameters used in equation (46) to obtain the calculated values 

are given in Table 11. 

TI (msIb Tz (ms)b NOE* 
Freq. 

Peak" 8, (MHz) exp. calc. exp. calc. exp. calc. 

1 51.14 45' 100 100 40 40 1.25 1.25 
45' 100 115 40 35 1.25 1.35 
90 200 220 70 60 1.15 1.25 

2 51.74 45 120 120 60 60 1.45 1.45 
90 220 245 80 75 1.20 1.20 

3 52.13 45 100 120 35 25 1.20 1.30 
90 250 275 55 50 1.15 1.20 

4 53.55 45 105 105 45 45 1.30 1.30 
90 205 205 55 55 1.20 1.20 

a The only assigned peak is peak 2 to Ala-58. 
Because of experimental errors all values are rounded to the nearest 5 or 10 in the third 

place, leading to the frequent identity of calculated and experimental values. 
' Two solutions were found for this data set. 
From reference 114, with permission. 

TABLE 11 

Best-fit motional parameters for the a-carbon peaks of BPTl at 17 'C and pD 5; the calculated 
relaxation times for these parameters and equation (46) are compared with experiment in 

Table 10. 

Freq. 7 1  ffl 7 2  ff2 7 3  ff3 

Peak (MHz) (ns) (YO) (ns) ( Y O )  (ns) (% 1 

1 45" 
45" 
90 

2 45 
90 

3 45 
90 

4 45 
90 

1.7 11 
1.7 28 
1.7 35 

1.7 23 
1.7 23 

1.7 13 
1.7 4 

1.7 2 
1.7 7 

5 50 
1.1 68 
5 52 

5 41 
5 62 

10 80 
5 83 

5 74 
3.3 78 

10 
0.1 
0.002 

0.05 
0.0011 

0.17 
0.001 1 

0.033 
20 

39 
2 

13 

36 
15 

6 
13 

24 
15 

Two solutions for this data set. 
From reference 114, with permission. 
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slower than the fixed value of T ~ ,  suggesting some anisotropy in the overall 
motion. The average overall correlation time is comparable to Lipari and 
Szabo's value (see above). The remaining variable term produces a much 
shorter correlation time (except for peak 4 at 90 MHz), consistent with a 
fast librational motion. The average contribution is comparable to that of 
the composite internal motions in Lipari and Szabo's"' analysis above. 
Ribeiro et aL114 have also analysed methyl relaxation data in the same way, 
with similar conclusions to those of Lipari and Szabo. 

H ~ w a r t h ~ ~  has analysed the frequency dependence of LY - 13C relaxation 
in proteins and peptides, using the model of diffusion round the surface of 
a cone to represent the internal motions. The molecules include bovine 
serum albumin, lysozyme, alumichrome, gramicidin-S, luliberin and several 
myoglobins and haemoglobins. In general the experimental observations 
for all systems can be reconciled by the combination of overall tumbling 
and librations with a cone semi-angle of 20" and a correlation time of 10 ps. 
These values represent an internal motion contribution comparable to those 
obtained elsewhere.11'.''4 The overall rotation correlation time is in much 
better agreement with values obtained from light scattering than the correla- 
tion times calculated assuming a rigid molecule. 

For some macromolecules the assumption of isotropic overall rotation is 
inadequate. Systems such as nucleic acids and regular polypeptides can 
adopt highly extended helical conformations, whose overall motions are 
clearly anisotropic. A synthetic polypeptide which has been extensively 
studied94 is helical poly( y-benzyl-L-glutamate), for which the experimental 
data for L Y - ' ~ C  relaxation are discussed above (Table 9). Relaxation is 
simulated by a model of anisotropic rotational diffusion combined with 
Howarth's of diffusion on the surface of a cone [equations (43) 
and (44)]. To limit the degrees of freedom, the overall diffusion constants 
Dll and D, are assumed to be given by Perrin's equations116 for rotation 
of an ellipsoid, as modified by Edsall"' for a long helix: 

where d is the length of the repeat unit, N is the degree of polymerization, 
R is the helix radius and 77 is the medium viscosity. An a-helix conformation 
was assumed, giving d = 0.15 nm and R = 1.5 nm. The angle p in equation 
(43) is 62". To eliminate polymer-polymer interactions, experimental 
parameters were extrapolated to zero concentration. Figure 10 compares 
the experimental molecular weight dependence of TI and T2 at 25.1 MHz 
with the calculated curves for various librational contributions. A perfectly 
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I 1 1 I 1 1 

x) 40 50 60 70 80 90 - 
M,/ 10' g r n c ~ l - ~  

FIG. 10. a-Carbon T,  and T, us. molecular weight for poly(y-benzyl-L-glutamate) in 
dimethylformamide-d, at 60 "C. TI; 0 T2 (extrapolated to c = 0). The curves are calculated 
as described in the text for (a) no libration, (b) libration with D, = 1.7 x 10" s c l  and 0 = 20", 
and (c) libration with D, = 5.0 x loLo s.7' and f3 = 25". From reference 95, with permission. 

rigid molecule is clearly inadequate. The curves suggest best-fit values for 
DI of (2-5) x 10" sC1 and 6 of 20-25", commensurate with the parameters 
suggested by H ~ w a r t h ~ ~  for proteins and peptides. These values of D, and 
6 also account for the frequency dependence of Tl and the NOE. 

Several g r o ~ p s " ~ " ~ ~ ' ' ~ - ' ~ ~  have studied relaxation in fragments of 
deoxyribonucleic acid (DNA) which have been shown by electric dichroism 
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to behave effectively as rods.123 In earlier studies inappropriate models such 
as isotropic rotation'18,119,121 or rigid anisotropic rotation120 are used. Hogan 
and Jardetzky" have used a model of cylindrical anisotropic rotation with 
internal motions by two-state jumps. Lipari and Szabo considered the same 
model, as well as other versions of the internal process such as diffusion 
in a cone. The latter conclude that there is substantial internal mobility 
with correlation times of the order of 0.1-1 ns, but no unique picture of the 
motion could be differentiated. 

Finally, it is worth pointing out that, although this section has been 
directed specifically towards stiff chains, the theoretical approaches are 
applicable with slight modification to flexible chains. Equation (38), for 
example, is formally identical to equation (28). Both H ~ w a r t h " ~  and Lipari 
and Szabol'l have used the librational model to analyse relaxation in flexible 
chains, with satisfactory results. Lipari and Szabo"' account for the effective 
anisotropy of backbone motion in such systems by assuming a simple 
two-exponential form for the overall correlation function: 

G,( t )=Aexp(- t /T1)+(l-A) exp(-t/.r,) 

where A, T~ and T~ are empirical parameters. This expression is shown to 
give a very close representation of the continuous correlation time distribu- 
tion used for backbone motion in random coil poly(~-lysine) .~~ 

V. CONCLUSIONS 

Because of limitations in accuracy, frequency range and relaxation theory, 
the potential of NMR relaxation in unambiguously characterizing a polymer 
correlation function is not at present being fulfilled. Nevertheless, the 
technique will continue to be useful, if interpreted with caution, since no 
other is able to give the same insight at the segmental level. Certainly NMR 
is valuable in a semi-quantitative manner when comparing different poly- 
mers, or different parts of the same polymer if the same model is used. At 
a basic level it is expected that NMR will have a vital role to play in testing 
the results of computer dynamics simulations should an NMR correlation 
function be computed for a realistic system. 
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I .  INTRODUCTION 

Although most naturally occurring isotopes have a spin quantum number 
Z > 4, and therefore also have a quadrupole moment, the overwhelming 
majority of NMR studies deal with spin-i nuclei, mostly 'H, I3C, 19F and 

P. It may appear surprising that even today, with the widespread use of 
modern NMR spectrometers capable of use at any frequency, the two nuclei 
'H and 13C dominate the NMR field. One reason is the poor resolution that 
can be obtained for quadrupolar nuclei like I7O and 33S in organic molecules 
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due to the broad NMR resonances of these nuclei. When a quadrupolar 
nucleus is covalently bound the relaxation will be very efficient and only a 
few nuclei, with very low quadrupole moments ('H, 6Li, 7Li, 9Be, I'B, 51V), 
will give rise to lines that are not exceedingly broad. For the vast majority 
of quadrupolar nuclei NMR studies have to be restricted to situations where 
the electronic syntmetry around the nucleus is cubic, or at least pseudocubic. 

TABLE 1 

Physical properties of quadrupolar nuclei. 

Natural abundance Magnetic moment Quadrupole moment 
Nucleus Spin ( O h )  ( P N )  ( m2) 

93.1 
72.2 
27.8 

100 
100 
10.1 
0.13 
7.0 

11.3 
100 

0.089 
99.9 

7.3 
5.5 

11.2 
99.8 

99.98 
9.6 

15.7 
9.5 

100 

100 
- 
1.2 

69.1 
30.9 
4.1 

39.8 
60.2 
95.7 
7.6 

57.3 

0.8 

100 

100 

0.391 
1.348 
2.741 
2.564 

-1.777 
-0.855 
-1.315 
- 1.089 

0.931 
4.7492 
3.684 
2.7614 

-0.787 1 
-1.1022 
-1.3036 

5.1392 
6.144 
2.371 

-0.4735 4 
-0.9099 
-0.9289 

3.4610 
5.6847 

2.2206 
2.3789 
0.8733 
2.01 1 
2.555 
5.507 

-0.877 
1.439 
3.363 
4.111 
0.6438 

-0.750 

0.094 
0.26 
0.13 

-0.003 
0.052 
0.22 
0.05 
0.36 
0.28 

-0.22 
0.51 
0.22 
0.02 
0.29 

-0.05 
-0.22 
*3.9 

0.03 
-0.015 

0.17 
0.4 
0.34 
0.162 

-0.211 
-0.195 

0.16 
0.232 
0.146 
1.161 

0.3 
-0.5 
-0.4 
-0.064 

- 

-0.29 
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Of course the efficient relaxation in low symmetry species can be used to 
advantage; for example, in exchanging systems with a dominating species 
of high symmetry the linewidth of the observed signal will be very sensitive 
to the amount of low symmetry species present. 

In the previous review on less common quadrupolar nuclei in this series' 
the basic NMR properties were treated quite extensively especially for the 
alkali and alkaline earth metal ions. Since then a few review articles have 
appeared dealing with subjects very similar to this. These are collected in 
three recent  volume^.^-^ 

Naturally there is not a clear and time independent definition of what 
should be considered a less common nucleus. In the present context it is 
of course a nucleus that is not studied very much by NMR, and this will 
directly exclude several quadrupolar nuclei from this review. In addition 
to the ones already excluded from the previous review in this series,' *H, 

B, "B, I4N, I7O and the halogens, also 6Li, 7Li, 23Na, "A1 and 59C0, will 
not be considered here because they cannot, in the reviewer's opinion, be 
thought of as less common. Both 27Al and 59C0 have their own chapters in 
references 2 and 3, and lithium and sodium NMR has been extensively 

This review is intended to cover the literature for the five-year 
period from mid-1978 to mid-1983. NMR in the solid state and of ordered 
systems like liquid crystals has not been included. In Table 1 are collected 
the physical properties of the nuclei included in this review. 

Throughout this chapter W: will be used for the width at half height of 
the signal in Hz, x in MHz is the quadrupole coupling constant and 6 in 
ppm is the chemical shift, positive for increasing frequency. 0, sometimes 
referred to, is the resonance frequency in a field where the proton resonance 
frequency for TMS is 100.00 MHz. 

10 

11. ALKALI METALS (EXCEPT Li AND Na) 

During the period covered by this review two other reviews dealing with 
alkali metal NMR have been published and the reader interested in lithium 
or sodium NMR, or the basic aspects of alkali metal NMR, is referred to 
these  review^.^-^ 

A. Potassium-39 

The 39K isotope is the only one of the three potassium isotopes that has 
been used in NMR studies reviewed here. 

Molten potassium salts at 200 "C have been studied' and the 39K chemical 
shift is found to be quite sensitive to the nature of the counter-ion. Chemical 
shifts obtained are 13.1, 17.0 and 43 ppm for KSCN, LiN03/KN03 (43 : 57) 
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and NaOH/KOH (50:50) ,  respectively. It is also interesting to note that 
the chemical shift for an aqueous solution of KSCN increases with con- 
centration towards the value in the molten salt (Fig. 1 ) .  

8 
PPm 

[KSCN] 

FIG. 1. 39K resonance as a function of KSCN concentration in aqueous solution at 23 "C; 
A indicates the 39K resonance of molten KSCN at 200 "C. From reference 5 ,  with permission. 

Popov and co-workers6-' have used 39K NMR to study the formation of 
complexes in non-aqueous media. 39K chemical shifts, as well as the corre- 
sponding linewidths, show rather small changes with added 2,2'-bipyridine; 
in fact the variations are much smaller than those observed for 23Na. The 
data show that the strength of interaction between 2,2'-bipyridine and alkali 
metal ions increases in the order K+ < Na+ < Li+ and there is no detectable 
interaction with C S + . ~  

The complexation kinetics of K+ ions to 18-crown-6 (18C6) in non- 
aqueous solvents have been studied using 39K NMR.' A typical temperature 
dependence in 39K T2 is shown in Fig. 2 and this clearly shows the transfer 
from slow to fast exchange conditions. The lifetime of the solvated species 
is calculated from the equation 

where 

l /  T2av= PA/ T2A+PB/ T 2 B  

PA, PB, T ~ A  and T z B  are the populations and relaxation times in the solvated 
and complexed species, respectively, and 1/ T2 = TW;. 
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lo3/ T OK-' 

FIG. 2. Semilog plots of 1/ Tz versus 1/ T for 39KI-18C6 solutions in methanol at ligand/K+ 
ratios of 0 ( 1 /  T2Aref)r 0.5 (1 /  T2) and 1.0 (1/ T2B). From reference 7,  with permission. 

The semilog plots of log(l/TA) versus 1/T are linear for all solvents and 
the activation energies for the exchange have been calculated (Table 2). 
The Arrhenius energy of activation varies dramatically from 9.2 kcal mol-' 
for acetone and methanol solutions to 16.8 kcal mol-' for 1,3-dioxolan sol- 
ution; however, the free energy of activation varies only from 9.5 to 11.7 kcal 
mol-'. The exchange may proceed via two mechanisms,' either a bimolecular 
process or a dissociative mechanism: 

Both processes may contribute to the overall potassium ion exchange, and 
only if there is a contribution from the bimolecular process will the lifetime 
of the complex be concentration dependent. Schmidt and Popov,' however, 
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TABLE 2 

Activation parameters for the K+-18C6 exchange in various solvents." 

Ea AH* AS' AG298* 

Solvent (kcal mol-') (kcal mol-') (cal mol-' K-') (kcal mol-') 

Acetone 9.2zt0.5 8.6*0.5 -4*2 9.8 3~0.1 
Acetone- 1,4-dioxan 13.8 * 0.5 13.2k0.5 12*2 9.6 * 0.1 
Methanol 9.2 * 0.7 8.6 * 0.7 -3 *3 9.5 f 0.2 
1,3-Dioxolan 16.8*0.3 16.2 * 0.3 1 5 * 1  11.70* 0.01 
1 ,3-Dioxolanh 15.5 *0.7 16.9 * 0.7 l l * 2  11.67i0.03 

a 18C6/K+ = 0.5. 
lUC6/K+=0.25. 

discuss the exchange in terms of the lifetime of the solvated ion, and their 
conclusion that the exchange follows the bimolecular process is not con- 
vincing. 

Contrary to 18C6-Kf complexes, the cryptate C222-K+ provides well 
resolved 39K resonances for both solvated and complex K+ ions (Fig. 3). 

Y O  20 0 -20 pprn 

FIG. 3. 39K NMR spectrum of a solution (methanol D,O, 95 : 5) with 20 mM C222 and 
30mM KSCN; signal B is due to the C222.K+ complex and signal C to free, solvated, K+ 
ions. From reference 10, with permission. 

Shih and Popovs have studied the potassium complexes of C222, C221 and 
C211 in various solvents. The results are shown in Table 3. Neurohr et U L ' ~  
have studied the complexes of several ligands in methanol-water (95 : 5 ) ;  
they have observed their relaxation behaviour in order to calculate the 
quadrupole coupling constants, x, from the equation 

9 2 
L 7 1  

1/ TI = 1/ T2 = -xrc 
5 (4) 
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TABLE 3 

39K chemical shifts" in various solvents (Slree) and in cryptates C222.K+ and C221-K+. 

Solvent S h e  S (C222-K+) S (C221-K+) 

Nitromethane -22.3 2.5 - 

Methanol -11.3 2.5 14.4 
Acetone -12.1 3.0 12.6 
Dimethylformamide -5.3 2.0 14.3 
Acetonitrile -1.8 2.4 13.5 
Pyridine 0.2 - 15.0 

a The shifts are in ppm relative to potassium salt at infinite dilution in water. 

The value of x can be calculated only if there is an independent measure 
of the correlation time, T ~ ,  which could be determined from the 13C relaxation 
times by assuming that the correlation time is the same for the 39Kc ion 
and I3C nuclei in the ligand. The results are shown in Table 4. When the 
shift is dominated by the paramagnetic shielding term a linear relationship 
is expected between the shift and quadrupole coupling constant, as demon- 
strated for 23Na." The data in Table 4 indicate that for 39K there is also a 
linear relationship between x and the chemical shift. 

TABLE 4 

39K linewidths ( W;), spin-lattice relaxation times (TI), chemical shifts (6 )  and quadrupole coupling 
constants ( x )  for some potassium complexes. 

18-crown-6 
c222 
Valinomycin 
X-537A 

117 2.6 -5.1 2.4 
129 2.3 -1.9 2.6 
248 1.3 -25.6 1.2 
250 1.3 -1.3 1.9' 

a Recalculated to be the same scale as in Table 3 using a shift of -11.3 ppm for 30 mM 

KSCN in methanol-D,O (95 : 5). 
Calculated with the aid of T= from I3C relaxation data. 
Calculated assuming T~ = 6 x lo-" s. 

In a few cases 39K has been used in biochemical and there 
is one report using 39K NMR to study polysaccharide gels.I6 Detellier and 
L a ~ z l o ' ~ , ' ~  have studied the role of alkali metal ions in the self assembly of 
5'-guanosine monophosphate. These results are discussed in the next section. 
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B. Rubidium-87 

Rubidium is the least studied alkali metal even though it has two quad- 
rupolar isotopes, "Rb and 87Rb. 87Rb has a reasonably high receptivity; 
however, its quadrupole moment, combined with the Sternheimer antishield- 
ing factor, results in lines that are seldom less than 200 Hz wide. 

Khazaeli et all7 have studied the concentration dependence of the 87Rb 
chemical shift and linewidth of the RbI signal in water, methanol and 
propylene carbonate. They find, in agreement with an earlier report,18 that 
the variation of the chemical shift with concentration is non-linear for all 
solvents. Relationships much closer to linear are obtained when the chemical 
shifts are plotted versus the mean activity of the solute. Attempts to study 
the complex formation between Rb+ and 18C6 or C222 fail, probably 
because the 87Rb resonance from the complexed ions is too broad to be 
observed. 

In a study of the self assembly of 5'-guanosine monophosphate (5'-GMP) 
mainly 23Na NMR, but also 39K and 87Rb NMR, has been used.12 The 
authors perform a detailed analysis, mainly based on the 23Na NMR data, 
resulting in the conclusion that 5'-GMP forms octameric aggregates with a 
correlation time of c. 10 ns. The aggregation from (5'-GMP)4 to (5'-GMP)8 
is mediated by K+ ions, which can be seen from 39K NMR as well as from 
23Na NMR. Figure 4 shows that the width of the 39K resonance increases 

0 
19 

FIG. 4. Variation of the 39K linewidth as a function of KC1 concentration for a solution 

[K'l (MI 
00 0.5 

0.1 M in (5'-GMP, Na,). From reference 12, with permission. 
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with increasing KCl concentration in the presence of 0.1 M (5'-GMP, Na,) 
and the width of the 23Na resonance displays a similar dependence on the 
KCl concentration. This shows that increasing the K+ concentration above 
c. 0.5 M creates new binding sites for both K+ and Na+, and furthermore 
that there are specific sodium sites which are not occupied by either 
potassium or rubidium. 

Raushel and Vil lafran~a '~ have used, among others, 39K, "Rb, 87Rb and 
Cs NMR to study the binding of monovalent cations to pyruvate kinase. 

They demonstrate, using MnZt as a relaxation probe, that the Mn2+-M+ 
distance varies for the different monovalent cations, being smallest for K+ 
(3.7 A) and largest for Cs+ (6.0 A). They also show that, depending on the 
relaxation properties of the ions, they are sensitive to different Mn2+-M+ 
distances. 39K+, "Rb+ and 87Rbi can only be used for distances of up to 
8 A whereas 7Li', 6Lit, 133C~t  and I5NH,+ can be used for distances between 
12 and 20A and 14NH4+ and 23Na+ are suitable for use at intermediate 
distances. 

133 

C. Caesium-133 

The 133Cs nucleus has a relatively high receptivity and a small quadrupole 
moment, making it attractive for NMR studies. In spite of these favourable 
properties there appear to be few people who have been working with this 
n u ~ l e u s . ' ~ - ~ ~  Khazaeli et uLi9 have studied the formation of ion pairs and 
triple ions of caesium salts in methylamine solutions using 133Cs NMR and 
conductance measurements. Figure 5 shows the concentration dependence 
of the 133Cs chemical shift for CsBPh,, CsSCN and CsI. Since the limiting 
shift at infinite dilution has to be the same for all three salts, it is obvious 
that ion pair formation must be very strong for both CsBPh, and CsI, with 
half saturation values well below 1 mM. An attempt to treat these concentra- 
tion variations as caused solely by ion pairing has not succeeded, and the 
authors therefore use the following model: 

( 5 )  

(6 )  

(7) 

Kip 

4, 

Ktc 

where Kip, K,, and K,, are the formation constants of the ion pair and the 
anionic and cationic triple ions, respectively. The chemical shift can then 
be calculated from 6 = C xi*&, where xi and Si are respectively the mole 
fraction and chemical shift of species i. This treatment, using some simplify- 
ing assumption like K,,= K,, and 6(Cs+.X-) = G(Cs+-X-.Cs+), results in a 

c s + + x  e cs+.x-  

x- + cs+*x-  e x- .cs+-x-  

c s + + c s + - x -  e cs+.x-.cs+ 
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- - I  
CsBphq 

CsSCN 

FIG. 5. Concentration dependence of the 133Cs chemical shift of caesium salts in methyl- 
amine at 25 "C. The dashed curves are calculated using the simple ion pair model and the 
solid curves are calculated from the full model. From reference 19, with permission. 

satisfactory agreement between observed and calculated chemical shifts. 
Also, thermodynamic parameters are calculated by using the concentration 
dependence of the 133Cs chemical shift at various temperatures and assuming 
that the shift has a linear dependence on temperature. The values of Kip 
obtained are 2.5 x lo5 and 1.2 x lo4 M-' for CsI and CsBPh,, respectively, 
and the chemical shifts for the ion pairs are found to be 124.5 ppm for CsI 
and -16.1 ppm for CsBPh,. However, the association constant calculated 
from conductance data does not agree with the one derived from the NMR 
data, which the authors explain as being caused by the inadequacy of the 
conductance equation. Arkhipovich et aLZS have used 133Cs NMR and 
conductance measurements to study the association of Cs+ ions with poly- 
ethylene oxide. They find, from competition experiments, that the binding 
strength decreases with increasing ionic radius. 

In a series of papers Popov and co-workers have reported their studies 
on Cs+ binding to crown When larger rings, 21C7 to 30C10, are 
used the dependence of 133Cs chemical shift on the ligand/Cs+ ratio is in 
agreement with the formation of a 1 : 1 complex as seen in Fig. 6, and the 
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FIG. 6. 133Cs chemical shifts at various [DB30ClO]/[Cs+] mole ratios in different solvents: 
A, nitromethane; B, methanol; C, acetone; D, pyridine; E, acetonitrile. From reference 21, 
with permission. 

binding constants for Cs+ to the four ligands 21C7, 24C8,27C9 and 30C10 
in various solvents are found to be of the order of 1 0 4 ~ - ' .  Only for the 
solvents DMF and DMSO are significantly lower binding constants 
obtained. For the smaller ring 18-crown-6, however, the 133Cs chemical shift 
variation is not explained without assuming the formation of more than the 
1 : 1 complex as can be seen in Fig. 7. The variation in the 133Cs chemical 
shift is linear in 18-crown-6/Csf ratios from 0 to 1 and the binding constant 
for the 1 : 1 complex can therefore only be given a lower limit of lo4 M-'. 

Since it has been shown that the ion pair formation is very strong" this has 
to be taken into account when the binding constant for the 2 :  1 complex is 
calculated. In addition to ion pair and triple ion formation, equations 
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Mole Ratio (18-crown-G)/(Cs*) 

FIG. 7. 133Cs chemical shifts versus [18C6]/[Cs+] mole ratios in methylamine at 25°C: 
(upper curve) CsI at 0.02 M; (lower curve) CsBPh, at 0.01 M. From reference 22, with 
permission. 

(5)-(7), the following equations are considered: 

K X  

KA 

KC2 

cs+.x-+c e csc+.x- (9) 

csc++x- e csc+-x- (10) 

csc++c e csc2+ (11) 

KA2 csc2++x- e csc,+.x- 
KX2 csc,+-x- e csc+*x-+c 

where C represents the crown ether. An analysis based on the above 
assumption, and assuming that i3(CsC2+) = G(CsC,+-X-), results in values 
for the chemical shifts of all species present in the solution, together with 
the thermodynamic parameters for the above equilibria. The chemical shifts 
are collected in Table 5. 

In complexes with sufficiently slow metal exchange the NMR spectrum 
consists of separate signals for free (solvated) ions and complexes. Figure 
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TABLE 5 

Cs chemical shifts (ppm) for some ion pairs, triple ions and 18-crom-6 133 

(C) complexes in methylamine at 25 "C. 

Salt 

Species CSI CsBPh, CsSCN 

cs+  60 60 60 
cs+.x-  124.2 -13.1 60 
x--cs+-x- 469 -280 - 
c s c + - x -  82.7 9.0 32.5 
csc ,+  -46.2 -49.4 - 

8 shows a nice example of this, and furthermore the temperature dependence 
shows a variation from slow exchange at -40 "C to fast exchange at 60 0C.24 
The chemical shift of 133Cs in a methanol solution containing an excess of 
C322 is temperature independent, contrary to the shielding effect found for 
free ions in the same solvent. This indicates that the Cs' ion is completely 
enclosed by the ligand, i.e. an inclusion complex. The result is not unexpec- 
ted since the cavity in the C322 ligand is slightly larger than the caesium 
ion, which therefore fits inside the ligand. The 133Cs chemical shift of a 1 : 1 
mixture of caesium thiocyanate and cryptand C222 is temperature depen- 
dent, reaching a limiting value below -100 "C, 6 = 244 ppm. This is inter- 
preted as being caused by an equilibrium between inclusion and exclusion 
Cs+.C222 complexes, with the inclusion complex dominating at low tem- 
peratures, since the low temperature 133Cs chemical shift is independent of 
solvent. The very large 133Cs deshielding for the Csf-C222 inclusion complex 
(244ppm) is explained as being caused by a strong overlap between the 
donor atoms (ring oxygens) and the outer p orbitals of the caesium ion. 
The 133Cs shielding of the exclusion complex, where no such strong orbital 
overlap is forced on the caesium ion, is expected to be greater than that 
from the inclusion complex, in agreement with the analysis of the tem- 
perature dependence data. 

111. ALKALINE EARTH NUCLEI 

During the past few years there has been increasing interest in using 25Mg 
and 43Ca NMR in studies of biochemical interest, whereas little attention 
has been paid to more basic studies. A few review articles covering "Mg 
and 43Ca have appeared.3s4.26*27 Beryllium, strontium and barium have been 
almost neglected. 
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FIG. 8. '33Cs spectra of (A) a solution containing CsSCN and excess of C322; (B) 
uncomplexed Cs+ in methanol; (C to I) a methanol solution 0.05 M in C322 and 0.10 M in 
CsSCN at various temperatures. From reference 24, with permission. 
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A. Solvation studies 

Heubel and Popov2* have studied the solvation of Mg2+ in various solvents 
by 25Mg NMR. In agreement with earlier studies,29 they find that in water 
solution there is no change in the "Mg chemical shift due to variation in 
concentration or counter-ion, and the observed broadening at higher con- 
centrations can best be explained as being caused by viscosity effects. In 
non-aqueous solvents, however, quite dramatic effects are observed on "Mg 
chemical shifts as a function of Mg salt concentration.28 By adding I2 to 
magnesium halide solutions in acetonitrile or propylene carbonate, Heubel 
and P O P O V ~ ~  show convincingly that the 25Mg shift changes are caused by 
ion pairing. Addition of I2 changes the shift almost linearly up to a Mg : I, 
ratio of 2. Further addition of I, does not affect the "Mg shift. The shift 
variation is caused by the formation of the bulky XI2- ion, which does not 
form ion pairs as readily as the X- ion itself. This effect is much less 
pronounced in polar solvents like DMF, and even MeOH and DMSO, 
where ion pairing between Mg2+ and X- is much reduced. Another manifes- 
tation of the ion-ion interaction in non-polar solvents is the broad 25Mg 
NMR signals observed in these solvents. 

Bouhoutsos-Brown and Bryant3' have found that the width of the "Mg 
signal depends on the amount of water added to a methanol solution of 
MgC12 at -40°C. The linewidth is found to increase monotonously up to 
a H20/MeOH ratio of 0.15, whereafter it stays essentially constant. In 
solutions containing small amounts of water the signal is strongly non- 
Lorentzian. This is explained as being caused by the coexistence of at least 
two species giving rise to 25Mg NMR signals with different linewidths and 
in slow exchange with each other. The broad resonance should be assigned 
to one or more species containing a mixture of H 2 0  and MeOH ligands in 
the first coordination sphere and the narrow resonance is assigned to the 
symmetrical methanol complex. There has been a recent study of the 
solvation of calcium in various solvents using 43Ca NMR.3' In this work 
the concentration dependence of the 43Ca chemical shift is studied for 
several solvents, including water. It is found that the 43Ca shift is much 
more concentration dependent, in water, when using oxyanions like NO3- 
or C104- instead of halides as counter-ions. This is explained as being 
caused by the higher tendency of the oxyanions to form contact ion pairs, 
because these ions are less hydrated in water than the halide ions. On the 
one hand, for non-aqueous solutions, it is found that with methanol there 
is a 25 ppm shielding increase in the concentration range 0.15-1.5 M for 
CaCl,, whereas there is a shielding decrease of c. 5 ppm for Ca(CIO,), in 
the same concentration range. On the other hand, in dimethylformamide 
solution there is no concentration dependence in the 43Ca shift. These 
studies have not been performed at concentrations below 0.15 M, making 
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an extrapolation to infinite dilution uncertain, but there is a correlation 
between the Gutman donicity scale3' and the estimated shifts at infinite 
d i l~ t ion .~ '  

B. Complex formation 

Rode et a1.33 have studied the effect of N-substitution in amides on their 
interaction with 7Li, 23Na and 9Be. For 9Be the largest effect is observed 
for DMF, which causes a shielding increase of c. 2.5 ppm relative to 
formamide. They have tried to correlate the shifts with calculated atomic 
charges or orbital densities at the metal nucleus, but with little success. 
Similarly Kraft et al.34 have tried to correlate the chemical shifts observed 
for 7Li, 23Na, 39K, "Mg and 43Ca caused by complexation with dicarbonyl 
ligands. Again the agreement between observed chemical shifts and ab initio 
calculated electron populations is not satisfactory. 

Gaines et 0 1 . ~ ~  have studied several beryllaboranes and a few other 
compounds by 9Be NMR, and they also observed the first example of a 
9Be-''B spin coupling (in "B NMR). Several (C5Hs)BeX compounds, all 
having very highly shielded 9Be resonances with very little dependence on 
X, have been studied. The high shielding is ascribed to paramagnetic ring 
current effects from the CsH5 ring. 

The W e h r l i ~ ~ ~  have used 9Be NMR to study BeCl, dissolved in dry 
acetonitrile. At room temperature they observe two narrow and one broad 
signal all within 1.7ppm. At -40°C four resonances are observed with 
chemical shifts ranging from 0 to -2.68 ppm. The signals are assigned as 
shown in Fig. 9. Addition of C1- ions to the solution results in an increase 
in the intensity of the 0 and -1.26 ppm signals and a decrease in the 
-2.68 ppm signal whereas water addition (moist air) results in the appear- 
ance of two new resonances at -1.15 and -2.32 ppm which are assigned 
to BeCl,( H20)2 and BeCl(H,O>,' or BeC12( H,O)CH,CN, respectively. 

Bouhoutsos-Brown et aL3' have studied the pH dependence of the "Mg 
NMR signal from a solution containing equimolar amounts of Mg2+ and 
EDTA. In the pH interval between 7 and 9 they observe two "Mg resonances 
with widely different linewidths and, apparently, the same chemical shift. 
This once more shows that the 25Mg chemical shift does not vary much, 
and the interesting parameters in "Mg NMR studies are therefore the 
relaxation rates and the linewidth. The sharp line observed by Bouhoutsos- 
Brown et al.37 also shows that the exchange 

Mg* + MG-EDTA & Mg+ Mg*EDTA 

is slow on the NMR time scale even though the binding constant is not 
very large for the Mg-EDTA complex in this pH interval. This is in agreement 
with an "on" rate for Mg'+ limited by the "off" rate of the water molecules 
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FIG. 9. 56.2 MHz 9Be spectrum of 0.018 M anhydrous beryllium chloride in acetonitrile 
recorded at -40 “C; peak assignments are as indicated. From reference 36, with permission. 

from the solvated Mg2+ ion.38 For 43Ca, however, the broadening caused 
by complexation to EDTA is small and two well resolved resonances, from 
free and complexed Ca2+ ions, have been ~ b s e r v e d . ~ ~ * ~ ’ ~ ~ ~  In addition, the 
values of x have been determined for 43Ca in Ca-EDTA and Ca-EGTA to 
be 0.5 and 2.1 MHz, re~pec t ive ly .~~ 43Ca chemical shifts from -40 to 30 ppm 
have been observed for complexes containing either only oxygen ligands 
or a mixture of oxygen and nitrogen l igand~.’~ Complexes which may use 
only oxygens in the coordination show high 43Ca shielding whereas the 
43Ca complexes of EDTA, EGTA and EDTMP are deshielded, all relative 
to the Ca”(aq.) ion. It should be noted that there is a four-fold increase 
in the value of x in passing from 43Ca(EDTA) to 43Ca(EGTA),39 showing 
that the value of x can be very sensitive to variations in the geometry of 
the complex. 

C. Biochemical applications 

The main development in the area of alkaline earth NMR is undoubtedly 
in applications to biochemical problems. These studies have developed 
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along two different lines. Either an excess of metal ions (25Mg2* or 43Ca2+) 
over possible binding sites on a protein or any other macromolecule is used 
and the effect on the "free" signal transferred via exchange from ions bound 
is studied, or equimolar ratios meta1:site are used and the NMR signals 
from ions bound to the macromolecule are studied directly. The uses of 

Mg and 43Ca NMR in the study of calcium binding proteins have been 
reviewed recently.40 25Mg and "Ca NMR have been used to study the metal 
ion binding to prothrombin fragment l.41-43 pH titration studies have shown 
that the Mg2+ binding has pK, values at 4.2 and above 7. The low pK value 
agrees well with that found for small y-carboxyglutamic acid containing 
peptides. The high pK has no counterpart in small peptides, indicating that 
groups other than the carboxyls are involved in the calcium and magnesium 
binding. Competition between Mg2+ and Ca2+ for the binding sites in 
fragment 1 has also been studied.43 These experiments show that the two 
ions only partly compete for the same sites. For example, a study of the 

Mg linewidth as a function of pH at high Ca2+ concentration shows that 
the high pK value has disappeared. Accordingly it is shown that for calcium, 
observed by 43Ca NMR, dependence of the low pK, value is suppressed 
by the addition of magnesium, whereas the dependence of the high pK, 
value remains largely unaffected. Sarasua et al.44 have used 43Ca and "Mg 
NMR to study the metal ion binding to human blood clotting factor XIII. 
They find for this protein that the binding of calcium is significantly stronger 
than that of magnesium, but these dissociation constants are much higher 
than those found for fragment 1. 

Mg and 43Ca NMR have been used extensively to study metal binding 
to calcium binding  protein^.^^-^^ In the first studies on metal binding to 
p a r v a l b ~ m i n ~ ~ . ~ ~  a large excess of metal ions was used and only effects 
transferred to free ions via exchange could be studied. It was thus found 
that the exchange rate of the two strongly bound Ca2+ ions is slow, resulting 
in a sharp 43Ca NMR signal from the free ions.45 For magnesium under 
similar conditions, however, the 25Mg signal broadens significantly and a 
temperature dependence typical for intermediate exchange is observed.46 
Furthermore, it is observed that magnesium and calcium compete, with 
about the same binding constant, for the site causing this broadening. This 
shows that the site observed cannot be either of the two strong calcium 
binding sites since they are known to have binding constants for Caz+ that 
are several orders of magnitude higher than those for Mg2+. 

In more recent work, especially using 43Ca NMR, calcium concentrations 
in the mM range have been used, which has enabled the direct study of 
NMR signals of protein bound ions.50Fs2 By doing so it is possible to 
determine not only the product of the correlation time, T,, and ,y but also 
the values themselves. This is possible because the correlation time is 
sufficiently long to result in the breakdown of the extreme narrowing 

25 

25 

25 
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condition, and therefore, by measuring TI and T2, T~ is calculated from the 
equation 

where J ( w )  = T c / (  1 + w27:) and x is calculated from 

3 7r2 21+3 
1/  TI = - * x2  * [0.23( w ) + 0.8J(2w)]  

10 1721 - 1 )  

It is thus found that the correlation time for the 43Ca nucleus is the same 
as that for the whole protein, showing that the mobility of the Ca2+ ion 
within the sites is very limited. In several cases 43Ca NMR has been used 
to determine the Ca2+ ion exchange rate,47,48,54 resulting in “off” rates of 
lo3, lo3 and 600 sC1 for prophospholipase A2, calmodulin and troponin C, 
respectively. These numbers are calculated from the temperature depen- 
dence of the 43Ca NMR lineshape, and a scheme for performing the 
calculations has been p ~ b l i s h e d . ~ ~  

Shimizu and c ~ - w o r k e r s ~ ~ - ~ ~  have also used ”Mg and 43Ca to study 
metal-protein interaction. They have used a large excess of metal ion; they 
consistently discuss the linewidth of the signal from bound ions which they 
appear never to observe. They have in this way studied the interaction 
between 25Mg2+ and creatine k i n a ~ e ~ ~  and acetate kinase,60 and the interac- 
tion between 43Ca2+ and thermolysins8 and tetrahymena ~ a l m o d u l i n . ~ ~  

Bishop et aL6’ have shown that 25Mg2+ can be used to study the interaction 
between magnesium ions and proteins, serum albumin and an Fe protein 
of nitrogenase. Using previously determined numbers of binding 
they have derived linewidths for the bound 25Mg2+ ions of 2750 Hz for the 
nitrogenase and 1000 Hz for serum albumin. These values are surprisingly 
small and could be the result of slow exchange, which has not been properly 
checked for. 

The interaction of Mg2+ and Ca2+ with DNA has been studied with 25Mg 
and 43Ca NMR. First Reimarsson et al.64 showed that the ”Mg NMR signal 
has a temperature dependence indicative of intermediate exchange, whereas 
for Ca2+ the temperature dependence of the 43Ca resonance shows that this 
ion is in slow exchange up to the melting temperature of the DNA helix. 
Rose et aL65766 have made more thorough studies showing that the 25Mg 
resonance is non-Lorentzian, which can be interpreted as either being due 
to a long correlation time in the bound site resulting in a breakdown of the 
extreme narrowing approximation, or it could be caused by overlapping 
signals, of different linewidths, which are in slow exchange. 

Urry et aL6’ have used 43Ca NMR to study the binding of Ca2+ ions to 
the polypentapeptide of elastin (Val-Pro-Gly-Val-Gly). They first measured 
TI as a function of temperature for a 50 mM CaCI, solution and found that 
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there is a strong and non-linear dependence; however, their value at room 
temperature agrees well with the one reported previously, TI = 1.33 s at 
28 OC.6' For a solution which is 190 mM in pentamers Urry et uL6' are able 
to estimate a binding constant for Ca2+ of 9 M-' from the dependence of 
the 43Ca NMR linewidth as a function of total calcium concentration, 
whereas for a pentamer concentration of 1.9 M at 20 "C the data indicate 
that there is more than one binding site for Ca2+ ions on the pentamer. 
Finally, at higher temperatures (38 "C) the data indicate that there is a 
positive cooperativity in the calcium binding. 

IV. MAIN GROUPS 111 AND IV 

A. Gallium-69, gallium-71 and indium-115 

Accurate determinations of the ratios of chemical shifts (7'Ga)/(2H) = 

1.986 668 67 and ("'In)/('H) = 1.427 469 2 have been performed69 and 
extrapolated to infinite dilution. The authors have also determined the ratio 
v("Ga)/w("Ga) = 0.787 014 68. 

01 - 

o 0.25 as0 075  100 12s  i.so 1.7s 
Llgand/Go 

FIG. 10. The relative intensities of the Ga(D20)2'  resonance in the presence of EDTA 
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In the light of the use of the radioactive isotope 67Ga to localize tumours, 
it has been of interest to use 71Ga NMR to study the interaction of Ga3+ 
with various buffers and chelating agents in s ~ l u t i o n . ~ ' - ~ ~  It has thus been 
found that the addition of EDTA, NTA, lactate or phosphate progressively 
diminishes the intensity of the 67Ga( D20)63+ resonance, without the appear- 
ance of any new  signal^.^' The variation in the intensity of the 71Ga(D20)63' 
resonance as a function of added ligands is shown in Fig. 10. These plots 
indicate that the stoichiometry for both the EDTA and the NTA complexes 
is 1 : 1 whereas it is more than 1 : 1 for the lactate-Ga complex. The buffers 
TRIS, HEPES and MOPTS are found to have only a weak effect on the 

Ga resonance. In a more thorough NMR study, of the interaction between 
Ca3+ and phosphate, a broad 'lGa resonance at -273.2 ppm from GaC1,- 
(compared to Ga(H20)63+ = -247.7 ppm) is observed upon addition of 
phosphate. This signal never amounts to more than about 30% of the total 
gallium population even when the Ga( H20)63+ signal disappears, indicating 
that further, even broader, signals are present but not observable. This 
conclusion is also confirmed by means of 31P NMR which shows several 
resonances and therefore clearly indicates the presence of several species 
in slow exchange with each other.70 

For both 71Ga and "'In it has been found that the chemical shifts in the 
halide and mixed halide complexes cannot be explained by a simple additiv- 

71 

TABLE 6 

"Ga and Il5In chemical shifts for various M X, Y, Z4-,-" complexes 
in dichloromethane. 

MCI,- 
MC1,BrC 
MCI,Br,- 
MCI,Br,- 
MBr,- 
MCIJ 
M C I , I , - 
MC11,- 

MBrJ 
MBr,I,- 
MBr1,- 
MC1,BrI- 
MCIBr,I- 
MCIBr1,- 

MI,- 

0 
-39 
-83 
- 132 
-186 
-126 
-290 
-485 
-705 
-300 
-425 
-561 
-179 
-237 
-356 

~ 

0 
-52h 

-117' 
-187b 
-259 
-187 
-416 
-686 
-999 
-418 
-606 
-797 
-258' 

-513' 
-337' 

a Chemical shifts from reference 73. 
From reference 75. 
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FIG. 1 I .  (a) 6pGa NMR and (b) "Ga NMR spectra of a mixture of GaCI,-, GaBr,- and Gar,-. From reference 73, with permission. 
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ity nor are they strictly correlated with the sum of the elec- 
tronegativities of the halides.73374 However, using the pairwise additivity 
model, all chemical shifts can be reproduced to within a couple of ppm for 

Ga. As can be seen from Table 6 and Fig. 11,  all fifteen '1GaClnBrm14-n-m 
species are resolved, whereas for 69Ga only twelve resonances are resolved. 
For "'In Colton et have not resolved the resonances from the InCl,Br,-, 
complexes since for mixtures of InC14- and InBr4- only a broad resonance 
is observed; however, McGarvey et aL7' show a spectrum with five resolved 
resonances for such a mixture. They also show that the "'In chemical shift 
of InC14- depends strongly on added C1-, indicating the formation of 
complexes with more than four C1-, e.g. 

71 

I~cI , -+ CI- 1nc1,~- (16) 

InCl,Z-+Cl- e InC1,3- (17) 

From the dependence of the "'In shift on added (C6H5)4PC1 in acetonitrile 
(Fig. 12), McGarvey et al.75 have calculated the binding constants K 5 =  
3 5 0 ~ - '  and K 6 =   OM-' and the chemical shifts of -115 and -235ppm 
for IIIC~,~- and InCl:-. Surprisingly they do not mention if there is any 
line broadening during this titration. It is anticipated that signal broadening 
will occur when a considerable amount of the low symmetry compound 
InCl,'- is formed. 

0 0.2 0.4 0 6  

FIG. 12. "'In chemical shift as a function of added (C,H,),PCI in acetonitrile for a 0.1 M 

[(C6H5),PI[InC141 solution. From reference 75, with permission. 
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B. Germanium-73 

The only quadrupolar nucleus in the main group IV is 73Ge which has 
been almost neglected by NMR spectroscopists, probably mainly due to its 
low receptivity, magnetic moment -0.877 FN and natural abundance 7.6%. 
Pestunovich et aL76 have used the INDOR technique to obtain the 73Ge 
chemical shift from a series of complexes of the type [l]. The chemical 

/ I 
RO-Ge-0-N 

;11 

shifts, relative to Me4Ge, are -53.4, -55.2, -55.2, -60.6, -63.4 and 
-73.8 ppm for R =  Me,Sn, H, Me3Ge, Me, Pr and Me3Si, respectively. 

V. MAIN GROUPS V AND VI 

A. Arsenic-75, antimony-121, antimony-123 and bismuth-209 

Of the group V quadrupolar nuclei (except 14N) only antimony-121 and 
bismuth-209 have been studied during the reviewing period. It is quite 
surprising that there apparently is no study of '"Sb NMR using a high field 
FT spectrometer, especially in the light of the fact that Kidd and S ~ i n n e y ~ ~  
were unable to detect all of the possible SbC1,Br6-, signals at low fields. 
Goetz-Grandmont and Leroy7* using a higher field have reported cis/ trans 
isomers for SbCI,Br,, but not for SbC1,Br3 or SbC1,Br4. Kidd and S ~ i n n e y ~ ~  
have analysed the shift data for the SbC16-SbBr6 system using the pairwise 
additivity model, and the agreement between the calculated and observed 
shifts is shown in Table 7. They conclude that they observe only the cis 
isomers and also exclude the possibility of a fast cis- trans isomerization. 
Judging from the linewidth data rep~r ted ,~ '  it is very likely that the observed 
SbC13Br3 isomer is the fac  isomer since the corresponding line is quite 
sharp. According to  calculation^,^^ the effective field gradient in the fac  
isomer should be zero. 

Bismuth-209 has a natural abundance of 100% and a sensitivity, relative 
to that of the proton, of 0.127; however, the quadrupole moment of -0.38 x 
lo-,* mz and a large Sternheimer antishielding factor confine studies to 
symmetric species. The only study relevant for this review concerns the 
BiF6- ion.80 Its ,09Bi NMR spectrum consists of seven well resolved lines 
( Wt = 44 Hz) with the intensity ratio 1 : 6 : 15 : 20 : 15 : 6 : 1 expected for a 
nucleus coupled to six identical spin-; nuclei. The coupling 1J(Z09Bi-'9F) = 
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TABLE 7 

Sb chemical shifts and linewidths for the [SbCl,Br,-,]- ions in acetonitrile. 121 

Species %bs (PPm) L,, (PPm) W; (Hz) 

SbC1,- 0 +1 290 

cis-SbCI,Br,- -780 -778 800 
fac-SbCI,Br,- -1180 -1183 250 
cis-SbCI,Br,- -1590 -1589 1850 
SbCIBr,- -2005 -2005 1250 
SbBr,- -2430 -2432 790 

SbC1,Br- -380 -383 1100 

a From reference 77. 
Calculated using the pairwise additivity model, reference 77. 
From reference 78. 

3828 f 3 Hz is considerably larger than the one estimated previously in the 
solid state, 2700 Hz.~ '  The exact resonance frequency of '09Bi in BiF6- is 
given to be 8 = 16.017 649+ 10 Hz at 25 "C, and a saturated solution of 
Bi( NO,), in concentrated HNO, has a 209Bi chemical shift of -24 ppm from 
BiF6-. 

B. Sulphur-33 

Vold et aL8, and Ancian et aLs3 have used the linewidth of the 33S NMR 
signal from CS, to determine the value of x for 33S,82 and to study the 
molecular reorientation of CS2, neat8' and in alkanes.83 The value of ,y is 
calculated to be 14.9 * 0.3 MHz by using previously determined correlation 
times84 and a 33S linewidth of 358 Hz at 15 "C. The value of x for CS, is 
similar to those earlier reported for C =  S (12.835 MHz)~'  and S=O 
(15.9 MHz); '~  however, it is significantly smaller than those for O=C=S 
(29.07 MHz)87*88 and HN=S (27.5 M H z ) . ~ ~  Dousmanis et d9 conclude 
that the Stokes-Einstein model does not hold for the reorientation of CS2 
in various alkanes and that the reorientation does not follow either the J 
or M diffusion models. However, neat CS, appears to reorient according 
to the J diffusion Hinton and Shungu" and Haid ei aL9' have 
studied the 33S relaxation of SO2-. They report that the spin-lattice relaxa- 
tion time increases with decreasing concentration, and Hinton and Shungu" 
have determined the activation energy of 2.5 kcal mol-' for the process 
governing the relaxation, from the temperature dependence of T,. It is 
interesting to note that, even though both groups report that TI for 33S in 
SO:- increases with decreasing concentration, the absolute values given 
for the same concentration differ by about a factor of 2, indicating that the 
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TABLE 8 

33S chemical shifts and linewidths in organic compounds. 

Compound 8 ( P P d  Wj (Hz) Ref. 

R = CH3 

R =  NH, 

R = O H  

c s o 2  

R = OCH,CH, 

-7 
6 

23 
38 
7 
8 

-23 
-17 
-15 
-26 

2 

42 

37 

33 

36 

37 

32 

-6 

-3 

-13 

-13 

50 
70 

160 
160 
130 
180 
130 
140 

60 
120 

50 

60 

80 

100 

90 

50 

50 

190 

100 

100 

92,94 
94 
94 
94 

92,94 
94 

92,94 
94 
94 
92 
94 

92,94 

92 

92 

92 

92 

92,94 

94 

94 

94 

94 
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TABLE 8 (cow.) 

Compound 6 b p m )  W+ (Hz) Ref. 

(I -5 200 94 

-15 200 94 p 
0 2  

SOZCHZR R = C H ,  13 130-600* 94 

R =  CH,OH 10 150- low* 94 

* Solvent dependent. 

ion-ion interaction is stronger for Rb'-SO:- as used by Haid et al?' than 
for NH,'-SO;+ as used by Hinton and Shungu." The 33S NMR signal 
from organic compounds is normally too broad to be observed, and only 
when the sulphur atom is in a symmetrical environment is observation of 
the 33S resonance possible. Faure et ~ 1 : ~  and Harris and Evans93 have thus 
studied the 33S NMR shielding and linewidth data for several sulphones 
and a few sulphonic acids (Table 8). 

VI. TRANSITION ELEMENTS 

A. Group IIIB 

Both ,'Sc and '39La are high sensitivity nuclei; however, they also have 
appreciable quadrupole moments, -0.22 x m2, resulting in broad res- 
onances except when in symmetric environments. Lutz and c o - ~ o r k e r s ~ ~  
have reinvestigated the dependence, upon the addition of HCl, of the 45Sc 
linewidth and chemical shift of ScCl, in water. They are unable to reproduce 
earlier resultsg5 with abrupt changes in chemical shift and linewidth as a 
function of added HCl. Judging from the data,94 there is no formation of 
any contact ion pairs between Sc3+ and C1- before quite high HCI concentra- 
tions are used (Fig. 13). It is also interesting to note that there is a strong 
broadening of the line at low acid concentrations, which seems to be 
independent of the ScC13 concentration. This broadening occurs only for 
HCl: ScC13 C 0.5, which is not easily explained as being caused by the 
formation of an unsymmetrical ScCI, complex. Lutz and co-workersg4 have 
also studied S C ~ ( S O ~ ) ~  as a function of HISO, concentration, which results 
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FIG. 13. Chemical shift, linewidth and longitudinal relaxation rate of 45Sc in 0.11 M aqueous 
solution of ScCI, as a function of added HCI. From reference 94, with permission. 
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in a small variation of 45Sc shifts and relaxation rates. They are able to 
obtain a ,'Sc signal from a strongly basic solution, which is assigned to 
Sc(OH),-, 6 = 115.7 ppm. Tarasov et al.96 have studied the concentration 
dependence of ,'Sc linewidth and shift for ScCI, and Sc(ClO,), solutions. 
They conclude that the low concentration effect, which is counter-ion 
independent, is caused by the formation of aquo-hydroxy complexes, 
whereas the high concentration effect, counter-ion dependent, is caused by 
the formation of inner sphere complexes which are more stable than the 
corresponding lanthanum complexes. 

TABLE 9 

Sc chemical shifts for some triethyl phosphate (TEP) and tributyl 
phosphate (TBP) complexes. 

43 

Complex STEP (ppm) STBP (ppm) 

scc1:- 
sccI,L,z- 
cis-ScC1, L3 
trans-ScCI,L, 
cis-ScC1,L4+ 
trans-ScC12L4+ 
SCCIL,2+ 
SCL63+ 

-249 
-166 
-134 
-119 

-82 
-67 
-27 

26.5 

-249 
-166 
-136 
-121 
-84 
-70 
-3 1 
- 

Buslaev et aL9' have studied mixed C1--triethyl phosphate (TEP) and 
Cl--tributyl phosphate (TBP) complexes with Sc3+. The chemical shifts are 
collected in Table 9. It is interesting to note that, even for non-symmetrical 
complexes, ScCl,(TEP), and ScCl,(TEP),, resolved 45Sc-31P coupling pat- 
terns are detected. By referring to calculations of electric field gradients in 
other non-symmetric c~mplexes '~  it is concluded that the resolved multiplet 
structures can be assigned to the cis isomers of ScCl,(TEP), and ScCl,(TEP), 
(Fig. 14). 

Lutz and Oehler9' have continued their careful measurements on 138La 
and thus determined v ( ' ~ ' L ~ ) /  v ( ' , ~ L ~ )  = 0.934 067 94, in agreement with 
an older value of 0.934 07.99 These authors have measured the solvent isotope 
effect in H20/D20 and find = -1.6 ppm, which can be compared to 
-4.3 ppm for 89Y,100 and -6.2 ppm for 45Sc.94 It therefore appears that 
decreases with increasing atomic number in group IIIB, which is the inverse 
of that found in other groups. No explanation for this anomaly has been 
found so far.99 

Tarasov et al.96 have followed the 139La shift and linewidth as a function 
of either salt concentration or added acid for LaCl,, La(N03), and 
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I 

I 
C 

I aA. 
6R Hz 

I 

La(C104),, and explained the shielding decrease found in the LaCl, solution 
at high salt concentration as being caused by changes in the hydration shell: 

La(HzO):+ d La(H,O)," (18) 

The position of equilibrium, indicated by equation (18), should be shifted 
to the right in more concentrated solutions. 

A study of '39La shifts and linewidths for LaCl, in mixed H,O-methanol 
solvents shows that for up to 50% methanol there is no formation of contact 
ion pairs whereas at more than 50% both the shift and linewidth indicate 
the formation of new species in solution."' X-ray data show that in 100% 
methanol there are dimers with one bridging chorine,"' and it is therefore 
reasonable to assume that this also exists in the mixed solvents with higher 
methanol contents. 

Lanthanum-carboxylic acid complexes have also been s t ~ d i e d , ' ~ ~ * ' ~ ~  and 
using reported stability constants105 it is possible to calculate the chemical 
shift for Lax2- to be 100,50,22 and 0 ppm for X = CH,COO-, C1CH2C00-, 
C1,CHCOO- and Cl,COO-, respectively.Io2 Also, the shift for the La-EDTA 
complex is reported to be 570 ppm. 

Table 10 shows some chemical shifts and linewidths for several lanthanum 
complexes in acetonitrile solution.lo6 

B. Group IVB 

Titanium is unusual in the sense that it has two isotopes, 47Ti and 49Ti, 
with almost the same gyromagnetic ratio. The resonance frequencies differ 
by only 266 ppm. Hao et aL107 have determined the Ti chemical shifts for 
several TiX4, TiX2- and (C5H5)2TiX2 complexes with X = F, C1, Br or I 
(Table 1 1 ) .  The data show that 47749Ti display the inverse halogen dependence 

FIG. 14. 45Sc NMR spectra at 19.474 MHz of a solution with a triethyl phosphate/ScCI, 
ratio -3 at 30 "C for (a) and (b) and 0 "C for (c). From reference 97, with permission. 
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TABLE 10 

Lanthanum-I39 chemical shifts and linewidths for various complexes in 
acetonitrile. 

[La( MeCN).I3+ -129 380 
[La( Iuto),13+ -122 2700 
[h(N%)6l3- -60 260 
[WDMF)s13' -39 1700 
rLa(PYo)8I3+ 4 2800 
[LaICH(OCCF3)21,1- 33 7000 
[La{P(NMed30)6I3+ 66 930 

[La{OS(CH2),CH2M3+ 93 2600 
[ W N ( C H & O A h P -  202 7800 
[La(N02),I3- 342 600 

851 200 
[ LaBr613- 1090 500 
[La(@]'+ 40 3800 
b ( e n ) , l 3 +  400 3800 

[La( dien)J3+ 450 2400 

[La(DMS0),l3' 82 1800 

[La( Et,NCS,),]-' 710 2100 

[ La(dien)13+ 122 7700 

Chemical shift from La(HJV3+, 

TABLE 11  

Chemical shifts and linewidths for some titanium and zirconium complexes. 

Compound S(49Ti) (ppm) W:(49Ti) (Hz) 8("Zr) (ppm) W;(9'Zr) (Hz) 

- - MCI, 0 3 
MBr, 482.9 3 
MI4 1278.3 10 

- - 
- - 

MF:- - 1 162.7 I -191.1 50 
MC12- - - 601.2 245 
MBr62- 8.2 40 
CP2MF2 -1036.5 30 
Cp,MFCI -928.3 90 
CP*MC12 -771.6 30 -121.9 276 
Cp,MClBr - - -65.9 237 
Cp2MBr2 -668.3 30 0 19 

- - 
- - 
- - 

- - Cp2MICI -661.2 120 
Cp2MIBr -595.1 35 - - 
CP2MI2 -517.2 30 126 134 
CP2 M (N3 12 -930.9 500 
CpZM(NCS), -962.3 25 

M(OPr'), -858.3 80 

- - 
- - 

- M(NEt2)4 -204.8 150 - 
- - 
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as noted previously.Io8 The same has been shown to be true for 91Zr.'09 It 
is found that 47,49Ti and 91Zr have almost identical chemical shift sensitivities 
towards halogen substituents, which is somewhat surprising since normally 
this sensitivity increases upon passing down a group. Hao et al.'07 have 
found that the I9F spin coupling in MF6"- complexes decreases across a 
row and increases upon descending a group, when compared as reduced 
couplings, ' K (M-F). The same group has measured the spin-lattice relaxa- 
tion of 47749Ti in TiF2- as a function of concentration in water, and for 
TiCl, in toluene as a function of temperature. These measurements result 
in T,(49Ti)/ T1(47Ti) ratios close to the calculated value of 3.43. The variable 
temperature data are used to calculate the activation energies for molecular 
reorientation to be 1.34 and 1.39 kcal mol-' for ,'TiCI4 and 49TiC14, respec- 
tively. 

Sayer et a1.I" have used 91Zr NMR to study the Zr(BH,), complex. Using 
'H, "B or 'H and ''B decoupling, spectra as shown in Fig. 15 are obtained. 
It is thus clear that both 'H and "B are spin coupled to the central 91Zr 
nucleus, with couplings of 2J(Zr-H) = 28 Hz and 'J(Zr-B) = 80 Hz. The 'H 
coupling pattern is in agreement with all sixteen protons being coupled to 
the 91Zr nucleus with the same coupling value. For this to apply, two 
conditions must be fulfilled: (1)  slow intermolecular exchange of the BH, 

Idc, Hz 0 l&Hz 

FIG. 15. 9'Zr NMR spectra of Zr(BH,), at 25 "C: (A) fully coupled; (B) "B decoupled; 
(C) 'H and '*B  decoupled. From reference 110, with permission. 
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ligands; (2) fast intramolecular exchange making all four protons within 
each BH4 group identical. 

C. Group VB 

V continued to be a popular nucleus for NMR studies, which is not 
surprising in the light of its high sensitivity, 40% of that for protons. Also 
the low quadrupole moment of 7.3 x lo-,' m2 results in lines which are not 
extremely broad even for non-symmetrical compounds. Studies of vanadates 
have thus continued by using a high field spectrometer, and the chemical 
shifts for fifteen different vanadates, from VO2- to V60186p, have been 
assigned"' with chemical shifts ranging from -538 to -590 ppm, using 
VOCl, as a shift reference. The decavanadate ion has been reinvestigated.l12 
Studies of the kinetics of the breakdown of, for example, v401;- show 
surprisingly enough that this is not correlated with the OH- concentration 
but with that of HVO?-. Furthermore, the line broadening of the two 
species v40124- and HV02-  shows that the reaction cannot be a simple 
exchange A* + 4 e A*A3 + A but that there must also exist a long-lived 
pentamer. Peroxo complexes of vanadium have been studied by 51V NMR, 
resulting in chemical shifts ranging from -543 ppm for VO(O0)' to 
-845 ppm for V0(00)33p.113 

Gillespie and Rao1I4 have studied the aqueous solution of 
Na( NH4)2V02F4-HF and re-evaluated a previous assumption of the pres- 
ence of VOF4- and Buslaev et ul.Il6 have studied similar systems 
in acetonitrile. 

A series of complexes, CPV(NO)~L, where L is a Lewis base bound to 
the V nucleus via C, P, S, N or 0, has been found to have a shift range of 
almost 800 ppm. It is found that the "V shielding decreases with increasing 
electronegativity of the coordinating atom, P <  S < N < 0.117,119 It is thus 
possible to conclude that both dimethyl sulphoxide and dimethylformamide 
are coordinated to vanadium via their oxygens. Likewise it is concluded 
that 4-cyanopyridine is coordinated via its pyridine nitrogen and not its 
cyano group. For some other complexes it has been found that the shift 
increases for the ligands in the order R2NO- < 022- < 02-.118-120 

From the "V shift in complexes of the types V(C0)sEZ3p and 
CpV(C0)2EZ,, where E is P, As, Sb or Bi, it is found that independent 
of Z there is a general trend in the chemical shift. The "V shielding decreases 
for the ligands in the order SbZ, < PZ, < AsZ, < BiZ3.I2' Rehder'22 has also 
studied the effect of the bulkiness in complexes like CpV(C0),PR3 and of 
ring size in various complexes with a bidentate ligand, Ph2P(CH2), PPh2.L, 
on the 51V shift. It is found that the chemical shift increases with increasing 
cone angle123 for the PR3 ligand, in agreement with an increasing P-V 
distance. As shown in Fig. 16, except for CPV(CO)~L, there is a minimum 

51 
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FIG. 16. 31P coordination shift A(8,) and chelate contribution to 51V chemical shift (dashed 
lines) as a function of ring size. From reference 122, with permission. 

in the 51V chemical shift when L forms a 5-membered ring with vanadium 
and a maximum in the shift in the coordinating 31P resonance for the same 
ring size. The temperature variation in the *lV chemical shift and linewidth 
for VO(OPr'), shows some unexpected features.124 As shown in Fig. 17, the 
linewidth of the "V resonance from VO(OPri)3 in n-pentane goes through 
a maximum at about 230 K, which resembles what may be expected for a 
system in intermediate exchange. At about the same temperature there is 
an irregularity in the temperature dependence of the 51V chemical shift, 
which could be caused by an exchange process. Similar, but less pronounced, 
effects are seen for other solvents, except for tetrahydrofuran where the 
temperature dependences are quite normal. In a comparative study of the 
chemical shifts of vanadium, niobium and manganese complexes it is found 
that the 93Nb has a dependence on chelate ring size which is similar to that 
of 51v.125-127 



Temperature (K) Temperature (K) 

FIG. 17. Temperature dependence of the linewidth of 5'V signals of VO(OPr'), in various solvents. 
Upper: vo(oPr'), in THF (0.86 M: +); n-pentane (1.72 M: 0); Et,O (1.72 M: A). 
Lower: VO(OPr'), in THF (0.86 M: *); methylcyclohexane (0.86 M: 0). From reference 124, with permission. 
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FIG. 18. The 22.00 MHz 93Nb spectrum of [Et,N][Nb(PF,),]. From reference 178, with 
permission. 

Figure 18 shows clearly that well resolved spectra from 93Nb can be 
obtained from highly symmetrical complexes. It is also interesting to note 
that the quadrupolar nucleus 93Nb gives much better resolved lines than 
the dipolar nuclei 31P and I9F for the Nb(PF&- The same 
phenomenon has been ob~erved ' ' ~  for V02F,2- and can be explained by 

T A B L E  12 

93Nb chemical shifts for the complexes 
INh(NCS),(SCN), CL,-.-, I-. 

Complex S (ppm) 

NbC1,- 0 

cis-NbCI,( NCS), -457 
NbCI, NCS -232 

cis-NbCI,(NCS), -681 
cis-NbCI,( NCS), -902 
NbC1( NCS), -1118 
Nb(SCN)6 -780 

trans-Nb(SCN),( NCS)2 -940 
trans-Nb( SCN),( NCS), -1125 
Nb( SCN)( NCS), -1235 

cis-Nb( SCN),( NCS), -947 

trans-Nb( SCN),CI, -220 
trans-Nb(SCN),CI, -415 
Nb(SCN),CI -633 
Nb( SCN)*( NCS),CI, -670 
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using an extension of Pople's treatment'29 of the lineshape of a spin-; signal 
which is spin coupled to a quadrupolar nucleus. 

The system [Nb(NCS),(SCN)mC1,-,_,l- can theoretically give rise to 
fifty-six different configurations. Kidd and SpinneyI3' have been able to 
detect sixteen different 93Nb resonances with a shift range of 1342 ppm for 
this system. Using the pairwise additivity they are able to assign 
the observed sixteen resonances as shown in Table 12. The calculation also 
shows that all fifty-six configurations should have signals separated by no 
less than 7 ppm, making it possible to observe all species present in sufficient 
concentration without serious signal overlap. 

D. Group VIB 

During the review period the interest in s3Cr NMR has been very scarce, 
most probably owing to the low receptivity of this nucleus. However, Haid 
et aZ.91 have measured the relaxation time, TI, for Cr0:- ions as a function 
of concentration from 0.5 to 3.0 M K,CrO,. They extrapolated the relaxation 
to zero concentration, ( T,)' = 55 ms. The scarcity of data available for 53Cr 
is in contrast to the quite extensive amount available for the NMR nuclides 
of the second element in this group, 95M0 and 97M0. Most of the work has 
been concentrated around molybdenum carbonyl complexes, but there are 
a few papers dealing with oxomolybdenum complexes. In fact there are so 
many papers published during the review period dealing with molybdenum 
NMR that it is questionable whether molybdenum should be considered 
to be a less common quadrupolar nucleus. I have, however, decided to 
include it in this review. 

Kroneck et u Z . ' ~ *  have used 1 7 0 ,  33S, 95M0 and 97M0 NMR to study the 
oxothiomolybdates Mo0,S4-, in aqueous solution. Even though the authors 
have used both 9sM0 and 9 7 M ~ ,  the 95M0 isotope is the one of choice for 
NMR studies because it has both a higher receptivity and a smaller quad- 
rupole moment than 97M0. The authors find a large, 500-600 ppm, shift for 
each oxygen replaced by a sulphur. For 95M0 the resonances are quite 
narrow for all the oxothiomolybdates, G I 0  Hz. In fact the 95M0 NMR 
resonance for MoS?- is sufficiently narrow to show the 32S-34S isotope 
effect.I3' Gheller et have likewise determined 95M0 chemical shifts for 
the MoO,Se,-,,- species. MoSe?- in acetonitrile has the most highly 
deshielded 9 s M 0  NMR signal observed so far, 6 = 3339 ppm, relative to 
MOO?-. For the binuclear complex [2] it is observed that the 95M0 resonance 
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is shielded by between 350 and 400ppm, compared to MoS2-, and for 
another similar but less well characterized complex the 95M0 resonance is 
further shielded and appears to be close to that of M002S2. 

There has been a considerable amount of interest in oxymolybdenum 
c o m p l e x e ~ , ~ ~ ~ - ~ ~ ~  partly motivated by the existence of the Moo2 or MOOS 
moiety in enzymes.14o It has thus been found that replacement of 0 by S 
in the series [ M o O , S ~ ~ , ( R ~ N O ) ~ ]  shifts the 95M0 resonance by c. 700 ppm 
to higher frequency,'37 whereas replacement of an 0 or N ligand by a 
thiolate sulphur causes an increasing shift of 200-400 ppm.IJ7 All reported 

Mo chemical shifts of MOO, complexes with EDTA and EDTA-like 
complexes fall in a narrow range between 63 and 70ppm.138 When an 
alkaline solution of MOO:- is acidified the 95M0 NMR signal broadens 
and at pH 6 one reasonably sharp and one broad signal are observed (Fig. 
19). The broad signal has been assigned to the polynuclear species 

95 

~ 0 , 0 ~ 4 6 - . ~ ~ ~  

FIG. 19. 95M0 NMR spectrum of 1 M Na2MoO,.2H,O in H,O at pH 6 .  From reference 
138, with permission. 

Gheller et ~ 1 . ' ~ '  have studied a few Mo(rv) and Mo(v) complexes, mostly 
multinuclear complexes. M031V04 and its complexes have resonances 
between 990 and 1162 ppm, and M O ~ ~ O ,  and its EDTA and L-cysteine 
complexes resonate between 434 and 604 ppm. Mo(rv)aq is oxidized by air 
to Mo(v)aq, which can be seen in the 95M0 spectra where a new resonance 
appears for a Mo(1v)aq solution after prolonged storage. The PDTA com- 
plexes of both M0@4 and Mo20, result in 95M0 NMR spectra containing 
two resonances (Fig. 20) which for [Mo204(PDTA)]*- are assigned to the 
two non-equivalent Mo sites, a result of the asymmetric PDTA ligand. 
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FIG. 20. 95M0 NMR spectrum of (a) Naz[Moz04(PDTA)]~4H,0 in H,O, pH 5.5; (b) 
Na4[(Mo,04)z(PDTA)3]-14H,0 in H,O, pH 5.5. From reference 141, with permission. 

Most of the MO(II) complexes studied by 95M0 NMR are of the type 
C ~ M O ( C O ) , , L ; ' ~ ~ - ' ~ ~  however, there are two binuclear complexes, 
Mo2(02CPr"), and M O ~ ( O ~ C C F , ) ~ , ' ~ '  which have been observed with 
95M0 NMR. These have formally quadruple bonds between the two Mo 
nuclei, and their shifts are far removed from the normal range for MO(II) 
species (-100 to -2072 pprn); 8[MoII2(O2CCF,),] =4026 ppm and 
~ [ M o ~ ' ~ ( O ~ C P ~ " ) ~ ]  = 3730 ppm are in fact the most deshielded 95M0 reson- 
ances observed to date.'41 The most highly shielded MO(II) resonance is 
the one from [Cp(CO),MoSnMe,] with a shift of -2072 ppm.14, 

Several Mo(0) complexes have been studied by 95M0 NMR,'42-'44,'47-'58 
with a chemical shift range of -450 to -2200ppm. Most of the data are 
for complexes where one or more CO ligand has been replaced by phos- 
phines or phosphites. In some cases, especially for PF3,151 the shift changes 
are surprisingly small considering the large shift range for 95M0; however, 
in most cases the shifts for the various complexes are well resolved. The 
1J(95M0-31P) spin coupling has been observed and is found to be different 
for phosphines (130-150 Hz) and phosphites (210-240 Hz). A shielding 
increase in the order PPh,<AsPh,<SbPh, has been found for both 
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FIG. 21. Room temperature 95M0 NMR spectrum of a mixture of [(arene)Mo(CO),] 
derivatives (arene = mes, m-, m- and 0-xyl and tol) in CH2C1,, each approximately 0.2 M. 

From reference 147, with permission. 

M~ ( co ) ~ ‘44 ,149 ,156  and Mo(CO)~L? 149 complexes, analogous to that found 
for the isoelectronic vanadium species.159 

Donovan-Mtunzi et al’” have studied the effect of nitrogen ligation to 
Mo, and find that nitrogen ligation causes deshielding relative to phosphorus 
or CO ligation, with increasing deshielding in the order MeCN < pyridine < 
piperidine < N2 < NO. 

In a study of arene-molybdenum(0) tricarbonyl derivatives Masters et 
aLi4’ have shown that the 95M0 resonances from ortho-, meta- and para- 
(xyl)Mo(CO), complexes are well resolved (Fig. 21) with a spread of 
17 ppm, and Minelli et aLi4’ have shown that the 9 5 M ~ ( ~ ~ )  resonances for 
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the isomers [3] and [4] are separated by 14ppm. From the two examples 
it is evident that 95M0 NMR can become a powerful tool in studies of 
stereochemistry in metal complexes. 

E. Group VIIB 

Of the naturally occurring quadrupolar nuclei in this group "Mn has the 
lowest quadrupole moment, 0 . 4 ~  lo-'' mZ7 compared to 2.8 x lo-'' m2 for 

Re. Even for 55Mn this means that only for highly symmetric environments 
will there be an observable signal; for '"Re the sharpest line reported is 
1.3 kHz for Re(C0)6,160 and for ReO,- it is 14 kHz.161 It is therefore not 
surprising that very few reports on 55Mn7 '"Re and ls7Re have 
appeared.'60-'62 In fact almost as much has been done on the radioactive 
99Tc r ~ u c l e u s . ' ~ ~ . ' ~ ~  Like other transition metals the group VIIB nuclei have 
large chemical shift ranges: -2373 to 490 ppm for 55Mn, -3672 to 806 ppm 
for 99Tc, and -3400 to 0 ppm for 19'Re, all relative to M04- .  

have studied Tc0,- enriched in I7O (21.9%) and "0 
(42.7%) which result in the 99Tc spectrum shown in Fig. 22. As previously 

185 

Franklin et 

I 
2 

- ii 200 Hr 

b 

3 \  

2 

n 

IIiI I I I I 1  25 Hz 

B B  

. d.  

I I 1 1 I I I 
30 20 10 0 -10 -20 -30 

S9gTc' PPm 

FIG. 22. 99Tc NMR spectrum of 1 7 0  (21.9%) and ''0 (42.7%) enriched KTcO, in H,O at 
25 "C. Isotopic isomers are denoted by (A) Tc l6OX 1804-x, (B) Tc "0 l6Ox 1803-x and ( C )  
Tc I7O2 l6OX lsO,-x. From reference 163, with permission. 
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shown for 55Mn 164 and 97M0,165 the "0 relaxation is sufficiently slow to 
result in well resolved multiplets, a decet in the 1 7 0  spectrum and six lines 
from T c ' ~ O O ~ -  and eleven from Tc170202- in the 99Tc NMR spectrum. In 
addition to these multiplets there is extra fine structure due to the 160/180 
isotope effect on the 99Tc resonances of 0.22 ppm, which should be compared 
to 0.56 ppm, for 55Mn and 0.25 ppm for 97M0. 

F. Group VIIIB 

Another blank spot on the NMR periodic table was removed when 
Brevard and Granger'67*'68 and Dykstra and Harrison'69 detected the 99Ru 
and "'Ru NMR signals. Brevard and Granger'67 first used RuO,, 1.02 M in 
CC14, to show the possibilities of 99Ru and "'Ru NMR. They obtain sharp 
signals with Wt = 0.8 Hz for 99Ru and 9 Hz for '"Ru, which suggests .that 
even non-symmetrical Ru compounds could result in reasonably narrow 

Ru NMR signals. Measured Tl values are used to calculate the ratio of 
the quadrupole moments, Q(" 'Ru)/Q(~~Ru) = 5.45, which is in reasonable 
agreement with earlier In the same way they calculate the ratio 
Q('"0s)/Q('"Ru) = 4.63, which is significantly larger than that (1.73) 
calculated from other data.*70*'71 The discrepancy is explained in terms of 
a greater sensitivity of the lS9Os outer electronic sphere to molecular col- 
lisions since the f electrons may play an important role. 

Ru(CN);- in water has been suggested as an NMR reference since it is 
easy to handle and has a low frequency NMR signal, resulting in positive 

99 

ppn 

FIG. 23. 99Ru NMR spectrum oftris[ 1(2-pyridyI)-3,5-dimethyIpyrazole]ruthenium(11) hexa- 
fluorophosphate showing the rner-Jac isomerism induced by the ligands (py = pyridine, pz = 

pyrazole). From reference 167, with permission. 
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TABLE 13 

Chemical shifts and linewidtbs for some 99Ru complexes. 

Compound Solvent 8 (ppm) W$ (Hz) Ref. 

RuCp2 CH2C12 -1270 - 168 
Ru,(CO),2 C6H6 -1208 - 168 
Ru(CNCH,),SO, D2O -112 15 169 
KRu(CN), D2O 0 1.6 168, 169 
~uc-Ru(CO),I,PPN" acetone 56 10 169 
mer-Ru(CO),I,PPN acetone 356 75 169 
fac-Ru(CO),CI,PPN acetone 816 112 169 
Ru(CO),CI,Cs acetone 976 - 168 
R%(CO),Ch acetone 1204 - 168 
Ru(SnCI,),CI4- (NH,+), CH,CN 1554 - 168 
RuO, CCI, 2021 - 168 
Ru(CO),Cl,'- (Cs+), D2O 2523 - 168 
R4bPY),CI2 D2O 4518 - 168 
mer-Ru( LL),( PF6)2b CH,CN 5040 - 168 
fac-Ru( LL'),( PF6)2 CH,CN 5003 - 168 
Ru(NH,),CI, D2O 7821 - 168 
RU( LL'),~+ CH,CN 5018 - 170 

Ru(bpy)(LL')22+ CH,CN 4920 - 170 
5059 

5013 
5050 

R ~ ~ P Y ) ~ ( L L ' ) ~ +  CH,CN 4801 - 170 
R ~ ( ~ P Y ) , ' +  CH,CN 4609 - 170 

a PPN represents the bis(tripheny1phosphine)iminium cation. 
L L  represents [ 1-(2-pyridyl)-3,5-dimethylpyrazole]. 

shift values for most compounds. One drawback with this reference is its 
large temperature coefficient, 0.7 ppm Kp'.'69 The Ru chemical shifts repor- 
ted so far are collected in Table 13. It is interesting to note that the chemical 
shift is sufficiently sensitive to the symmetry of the Ru complex to result in 
separate resonances for the mer and fuc isomers of, for example, the 
tris[ 1-(2-pyridyl)-3,5-dimethylpyrazole] ruthenium complex as shown in 
Fig. 23. It therefore seems likely that 99Ru NMR, which gives sharper signals 
than with '"Ru, can become a useful technique in the study of 
organoruthenium compounds. This has recently been further exemplified 
by Steel et UZ.~' '  who have studied the complexes Ru(bpy),,[( 1-(2-pyridyl)- 
3,5-dimethylpyrazole],_, with 99Ru NMR. They are able to observe three 

Ru resonances from the complex with one bpy ligand. 
The only magnetically active nickel isotope, 61Ni, has a spin I =3/2, 

magnetic moment =-0.75 pN and a natural abundance of 1.19%, resulting 

99 
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TABLE 14 

"Ni chemical shifts, 31P-61Ni couplings and linewidths for some nickel complexes. 

Compound F (ppm) J (3'P-61Ni) (Hz) Wf (Hz) Ref. 

Ni(PF314 

Ni(P(OEtL), 
Ni(P(OMe),), 

Ni(CO), 
Ni( PBu,)(CO), 
Ni(CO),P(Me,Si)Bu, 
Ni(CO),P( Me,Ge)Bu, 
Ni(CO),P( Me,Si),Bu 
Ni(CO),P( Me,Ge),Bu 
NI(CO),P( Me,Sn)Bu, 
Ni( PCI,), 

-929.1 
-742.2 
-703.0 

0 
56.6 
58.9 
59.2 
81.8 
87.0 
92.8 

266.9 

482 
398 
405 

232 
197 
203 
161 
197 
206 
450 

- 

20 174 
80 174 
90 174 

3.9 174 
- 173 
- 173 
- 173 
- 173 
- 173 
- 173 
20 174 

in low receptivity. Consequently, few NMR studies using Ni have been 
published. Schumann et aL173 and Hao et al.174 have, however, used 61Ni 
NMR to study some nickel-phosphine complexes (Table 14). As long as 
tetrahedral complexes are used, reasonably narrow 6'Ni NMR resonances 
are obtained, and for Ni(PF3)4 both 'J(61Ni-31P) = 482 Hz and ZJ(61Ni- 

F) = 28 Hz could be ob~erved."~ Most spectroscopic evidence seems to 
indicate that the degree of back-donation is greater to PF, than to CO.I7' 
However, as discussed above, NMR studies on 51V and 93Nb suggest that 
at least for these two nuclei CO should be a better 7r acceptor. For Ni, on 
the other hand, the 61Ni NMR resonance for the Ni(PF& complex is shifted 
by 929 ppm to lower frequency of that from Ni(C0)4, also in agreement 
with 59C0 NMR results. 

19 

G. Groups IS and IIB 

Of the quadrupolar nuclei in these two groups, only 63Cu, 65Cu and 67Zn 
have been studied by NMR. All three nuclei have high quadrupole moments, 
-0.211, -0.195 and 0.16 x lo-'' m2 respectively, so only species with high 
symmetry at the metal nucleus will result in observable NMR signals. Both 
copper isotopes have reasonably high magnetic moments and natural abund- 
ances giving rise to high sensitivity. It might therefore appear surprising 
that these nuclei have been so widely neglected by NMR spectroscopists; 
however, the results currently a ~ a i l a b l e ' ~ ~ * ' ~ ~  clearly point out the difficulties. 
The most narrow 63Cu resonance observed so far seems to be 115 Hz for 
CU' [P(OCH~)~]~+,  whereas more typical linewidths are above 500 Hz (Table 
15). Despite the broad lines it has been possible to resolve the 63Cu-31P 
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TABLE 15 

63Cu chemical shifts, linewidths and 63Cu-3'P couplings for some tetrahedral complexes. 

Compound S (ppm) W; (Hz) J('%u-~'P) (Hz) Ref. 

spin-spin coupling in several Cu[P(OR),],+ and CU[PRL(OR'),-.]~+ com- 
plexes, and the values obtained show that 1J(63Cu-31P) is larger for phos- 
phite than for phosphine complexes, in agreement with results for other 
 metal^.'^^,'^^ 

Kroneck et u L , ~ ~ '  Ochsenbein and Schlapfer'" and Marker and Gunter"' 
have studied the temperature dependence of the width and shift of the 63Cu 
resonances from Cu(CH,CN),+, Cu(CSH5N),+ and Cu[ P(OC2H5),I4+. For 
Cu( CH3CN),+ the shift is found to be strongly temperature dependent, 
-0.75 ppm K-', and the linewidth goes through a minimum. These two 
observations have been explained as being caused by chemical exchange 
between Cu(CH,CN),+ and a less symmetric complex. Thus, as long as the 
relaxation rate of the less symmetric, not observable, complex is fast com- 
pared to the exchange rate between the complexes, the width of the observed 
resonance is given by the equation 

where rC is the correlation time and T, the lifetime of the observed 63Cu 
nucleus, and both are temperature dependent in a similar fashion. The 
temperature dependence of the 63Cu shift from Cu[P( OC2Hs)3]4+ in CHC13 
is much smaller, -0.1 ppm K-', and therefore Kroneck et u L ' ~ '  have sug- 
gested that this resonance should be used as a shift standard for copper 
NMR. Also for Cu[P(OC2H5),],+ the linewidth has a minimum as a function 
of temperature, but at a significantly higher temperature than for 
Cu(CH,CN),+. Marker and Gunter'" have performed a thorough study of 
the relaxation behaviour of Cu[P(OCH,)],+ and CU[P(OC~H~)~],+ as a 
function of temperature. They confirm the conclusion drawn by Kroneck 
et u Z . " ~  regarding the presence of low symmetry species in addition to the 
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tetrahedral complex. They have used both 63Cu and 31P to study the relaxa- 
tion of the 63Cu nucleus since not only the 63Cu resonance but also the 31P 
resonance linewidth depends on the relaxation rate of the 63Cu nucleus. A 
detailed analysis of these temperature dependences results in activation 
energies for both the reorientational and exchange processes: 12.6 and 
17.7 kJ mo1-l respectively for C U [ P ( O C ~ H ~ ) ~ ] ~ + ,  and 13.1 and 15.3 kJ mol-' 
respectively for CU[P(OCH~)~]~+ .  The lower activation energy for the 
exchange of the P(OC2H5)3 ligand, as compared to P(OCH3),, is in agree- 
ment with the notion that the bulkier ligand should have the faster 
exchange.ls2 

Zn is a low receptivity nucleus with a natural abundance of 4.1% and 
a magnetic moment of 0.784 kN. This together with its quadrupole moment 
is a reasonable explanation as to why this biochemically interesting metal 
has been almost neglected by NMR spectroscopists. However, Carson and 
Dean'83 have studied a series of symmetrical thiolatozincates (Table 16) 

67 

TABLE 16 

67Zn chemical shifts and linewidths for some thiolatozincates and Zn(SePh)2- 

Complex Temp. (K) 6" (ppm) W; (Hz) 
~ 

Zn(SMe),,- 297 362 110 
zn(  SP?),~- 291 352 1200 
Zn( SPh),2- 303 267 1050 

z n ( 3 ) * 2 -  363 418 1200 

Zn( SePh)42- 363 224 830 

a Shift relative to 2 M Zn(C104), at 297 K. 

and discuss the possibility of using 67Zn NMR to study the zinc binding 
protein metallothionein, which has been extensively studied by 'I3Cd 
NMR.!84 The linewidths observed, from 110 Hz for Zn(SMe),2-,'83 are not 
too promising for studies on even small proteins like metallothioneins. A 
quite considerable shift range is found for the Zn(SR)2- complexes, c. 
150 ppm, and a further shielding increase of 40 ppm for Zn(SePh)2-. These 
shifts parallel those determined for 'I3Cd, but they are somewhat smaller 
than e x p e ~ t e d . ' ~ ~ " ~ ~  

Li and P O ~ O V ' ~ ~  have studied the solvation of various zinc salts in aqueous, 
non-aqueous and mixed solvents. They find that the 67Zn resonance from 
Zn(N03)2 depends strongly on the nature of the solvent (water, DMSO or 
methanol); however, it remains independent of concentration, thus indicat- 
ing that there is no formation of contact ion pairs. Figure 24 shows that 
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FIG. 24. (Upper) 67Zn chemical shift. (Lower) linewidth of 0.163 M ZnC1, solution in binary 
solvent mixtures. From reference 187, with permission. 

both chemical shift and linewidth for a ZnClz solution depend strongly on 
the solvent mixture. The deshielding of the 67Zn resonance is consistent 
with enhanced complex formation with increasing non-aqueous solvent in 
the solvent mixture. An attempt has been made’*’ to study complex forma- 
tion, but with little success. The crown ethers 12C4, 15C5 and 18C6 
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apparently do not form any complexes with Zn2+ and the resonance from 
67Zn( EDTA) is too broad to be observed. 

Shimizu and Hatano have tried to use 67Zn NMR to study the binding 
of Znz+ ions to small ligands like imidazole and carboxylic and 
to  protein^.'^^^^^ The lesson from their work is that one has to be very careful 
when interpreting data on 67Zn NMR, and especially for zinc-protein 
interactions. The reviewer prefers not to discuss these papers further because 
he strongly disagrees with the authors’ conclusions. 

VII. CONCLUSIONS 

Most naturally occurring quadrupolar nuclei have now been studied by 
NMR, and the widespread use of modern NMR equipment has in many 
cases facilitated these studies. However, in not a few cases it has been found 
that the dead time of modern spectrometers, especially at low frequencies, 
is quite long. My personal impression is that the manufacturers of multi- 
purpose NMR spectrometers have neglected the fact that probe ringing 
(acoustic ringing) can in many cases be the limiting factor when one wants 
to observe broad lines. The probe ringing may also become a problem when 
observing narrow signals over a wide spectral width; see, for example, the 
distorted lineshapes obtained in Fig. 20 due to the use of a long dead-time. 

A majority of the NMR studies of quadrupolar nuclei are now to be 
found in the field of applications. They are performed with the aim of 
solving, or at least shedding more light on, a given chemical or biochemical 
problem. Of course there are, and will always be, some “pure” NMR studies 
and also some methodological studies. 

It seems that more chemists, and a few biochemists, are becoming aware 
of the possibilities of using NMR of quadrupolar nuclei; however, the 
increase in these uses of NMR is not as great as one might have foreseen 
five years ago, and the spin-; nuclei are still dominating the NMR world 
and will probably be doing so for a long time to come. 
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I. INTRODUCTION 

The chemistry of platinum spans a gap which includes heterogeneous 
catalysts for automobiles,' homogeneous catalysts for organic synthesis* 
and cancer drugs? Consequently it is not a mystery to find an increasing 
number of chemists expressing an interest in 19% nuclear magnetic reson- 
ance. This isotope is moderately abundant (33.7%) and has a relatively 
large magnetic moment 1.0398 (p,/ clg), both of which contribute to making 

Pt NMR measurements relatively easy, e.g. this author's experience sug- 
gests that M solutions give signals in a matter of minutes. Nevertheless 
the many hundreds of recorded spectra would not have been so readily 
obtained were it not for the favourable spin-lattice and spin-spin relaxation 
times of this nucleus. Since all these factors are indeed arranged so as to 
shine favourably on 19'Pt, it is worth describing the moderately more 
technical studies in which platinum NMR has been involved. 

195 

11. METHODOLOGY 

The existing literature shows that 19'Pt in the oxidation states 0, +2 and 
+4 possesses spin-lattice relaxation times, T,,  in the range ca. 0.014 to 
8.31 s?-'O with most values less than 2 s. 

ABBREVIATIONS 

Me methyl; Et ethyl; R" n-propyl; R' i-propyl; Bu" n-butyl; But t-butyl; cy cyclohexyl; Bz benzyl; To1 p-tolyl; 
Mes = mesityl = 2,4,6-trimethylphenyl; py pyridine; en ethylenediamine. 
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The short TI values are normally attributed to efficient relaxation via the 
chemical shielding anisotropy (CSA) and spin rotation (SR) contributions 
which can be described as given in the equations 

1/T,(CSA)=(2/15)v2B,2(~ll-(+1)2~c ( 1 )  

1/ Tl(SR) = ( 2 r 1 k T ) ( 2 C L 2 +  c112)T~/3 ( 2 )  

In equation (1) (T is a measure of the shielding and can be anisotropic, and 
T, is a molecular reorientation correlation time. In equation (2) C is a spin 
rotation tensor and T, the anglar momentum correlation time. The tem- 
perature dependence in equation (2) is significant since T,(SR) decreases 
with increasing temperature, whereas the opposite is true for T,(CSA). 
Recent work4,' has emphasized the importance of the.CSA term, e.g. TI for 
the relatively symmetric tetrahedral molecule [ Pt(P(OEt)3)4] is relatively 
long, 8.31 s (4.7 T, 310 K), but TI for the 2-coordinate bent complex 
[Pt(PPri3)2] is only 0.097 s under the same conditions. These data, when 
combined with field dependence studies which reveal ca. four-fold decrease 
in TI when B, is doubled (the TI for [Pt(PPr,'),] is only 0.025 s at 9.4T), 
nicely illustrate the importance of CSA relaxation for I 9 ' P t .  A similar field 
dependence has been found for [ Pt(acac),].' However, the importance of 
spin rotation should not be forgotten. For [Pt(PMe3)4)], at 9.4 T where CSA 

t rans-  PtCI,(H,0)2 
1 

50 Hz 

trans - P LCI*(OH);- 

1 

L p o s l t i o n  for baseline 

FIG. 1 .  Platinum-195 NMR spectra of Pt(H,O),*+, t r ~ n s - P t C l ~ ( H , O ) ~ ,  and truns- 
FtCI,(OH)~- equilibrated in isotopic water. The mole fraction of l60 compared to I8O is ca. 
1.6: 1.  The numbers denote number of H2180 coordinated. The base-line noise is about 5 %  
of the highest peak. From reference 14, with permission. 
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' lOOOHz' 
1 

FIG. 2. 195F't-{'H} spectrum of the cluster [Pt3(p-C0)3(PPTi3),{Ag(PPri,)}]+ in which an 
Ag(PPr',),+ caps the Pt triangle. 1J(Pt-'07~'09Ag) = 195 Hz. (K. H. Dahmen and L. M. Venanzi, 
unpublished results, ETH, 1985.) 

relaxation should be important, the observed temperature dependence5 is 
suggestive of spin rotation relaxation, i.e. TI = 1.5 s at 310 K and 5.1 s at 
243 K. A listing of lg5Pt Tl values may be found in Table 1. There have 
been several reports concerned with the approximate magnitude of the 19 'Pt  

The spin-spin relaxation relation time, T2, varies very markedly as a 
function of the coordinated ligands. Although spectra containing well 
resolved l9'R lines are common enough,13 several examples are in- 
structive. Groning el uLi4 have measured 19 'Pt  NMR spectra for the 
160,180 isotopomers of [ Pt(H20)4]2+, trans-[ PtCl,(H,O),] and trans- 
[PtC12(OH)2]Z- (see Fig. 1) and have used these data in studying the kinetics 
of H 2 0  exchange, whereas Dahmen and Venanzi" have used the transition 
metal resonance to show that silver is incorporated in their cluster (see Fig. 
2). Unfortunately there are many examples of broad I9'Pt resonances and 
most of these arise from complexes containing ligand atoms with moderate 
to large quadrupole moments, e.g. 14N, 79*81Br, lZ7I. Figure 3 shows the line 
broadening due to the 14N in trans-[PtCl,(ethylene)( NH2C6H,-p-CH3)],16 
relative to its "N enriched isotopomer. For a number of complexes with 
nitrogen ligands the I4N relaxation is sufficiently slow to allow the observa- 
tion of 1J(195Pt-14N) values (see below and in Tables section). 

There are further negative consequences of the relatively short '95Pt 
relaxation times as illustrated by Figs 4 and 5." These spectra show 'H 
resonances which are coupled to platinum, as a function of magnetic field 
strength (Fig. 4) and temperature (Fig. 5 ) .  As increases, the CSA contribu- 
tion shortens the Pt Tl such that the 'H linewidths are adversely affected. 
Lowering the temperature also causes a decrease in the Pt Tl(CSA) with a 

which for ba seems to be of the order of thousands of ppm. CSA",'2 
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w w -  

A B 

FIG. 3. I 9 ' P t  NMR spectrum of (A) trans-[PtCI2(C2H,)(NH2C6H4-p-CH3)] and (B) the 
same, enriched with 95 atom % 15N. 6 = -3013; J = 244 Hz. (H. Moriyama and P. S. Pregosin, 
unpublished results.) 

250 MHz I 

FIG. 4. 'H NMR spectra for the proton ortho to nitrogen in the metallated complex 
[PtCI(COC,H,N)(PEt,)] at magnetic field strengths corresponding to 400, 250 and 90 MHz 
for 'H. ,J(Pt-H) = 27.1 Hz. Note that the 195Pt satellites are sharpest at 90 MHz. From reference 
17, with permission. 
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3 
J 40  "C 

-,- 2 0  O C  - 0 "C 

L - 4 0  " C  

----JL - 6 0  " C  

FIG. 5. Temperature dependence of the aldehyde proton of trans-[RCI,(PEt,)(quinoline-8- 
aldehyde)] in the range -60 to 40 "C. From reference 17, with permission. 

similar broadening of the satellite lines. One can easily imagine a problem 
where slowing a chemical process, via temperature, would be accompanied 
by this thermal decoupling thereby thwarting a structure proof based on 
"J(Pt-L) data. Equally frustrating would be a case where signal overlap 
prompted a high field 'H spectrum only to lose the information due to the 
CSA relaxation. (This author has experienced both cases.) In any case, 
broad I9'Pt satellites in 'H, 13C and I5N, and occasionally 31P, NMR 
spectroscopy are quite likely, especially in dimeric and higher molecular 
weight complexes where rC and w will be important. Temperature is also 
an important parameter affecting the relation of quadrupolar nuclei and 
can be used to sharpen a 195Pt-14N interacti~n.'~"~ 

111. REFERENCING 

The most commonly used chemical reference is the platinum( IV) dianion 
PtC1:- in aqueous solution. There is a solvent dependen~e'~ of this anion, 
nevertheless several authors10*" have found this convenient, despite the 
broad line due to the unresolved 35.37C1 isotopomers (resolvable* at 9.4 T 21). 
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This reference material is commercially available, and relatively stable; 
however, in addition to the unfavourable linewidth, PtC1;- is a high 
frequency reference with the consequence that most reported S values will 
be negative, i.e. they will appear to low frequency of the reference. An 
acceptable solution to the problem is to reference platinum resonances using 
a frequency scale defining the proton signal of tetramethylsilane as exactly 
100 000 000 MHz. This provides a reference in which platinum signals 
appear routinely to high and low frequencies so that the user must adjust 
to negative numbers in any case. Both scales are in common usage. In an 
earlier report we have related the two scales using the relationship 
6(PtClG2-) = G(frequency scale) -4533 ppm. 

IV. CHEMICAL SHIFTS 

Metal chemical shifts are dominated by changes in the paramagnetic 
screening contribution, up, to the total shielding.22 This term has been 
discussed in some detail for other nuclides and may be abbreviated as 
shown in the equation 

where r is an average distance of a d electron from the nucleus, Ek and Ej 
are energies of unoccupied and occupied molecular orbitals and C is a 
complicated sum containing the coefficients of the d (and other) orbitals 
used in the LCAO summation to develop the various molecular orbitals. 
There have been a number of attempts to calculate and/or estimate I9 'P t  

chemical shifts:3 and several of these have met with qualitative success. 
There seems to be general agreement concerning the importance of the 
Ek-Ej terms; however, since these will depend upon the nature of the 
complex, it is difficult to find a single empirical expression which satisfac- 
torily accommodates all the '95Pt data. Neverthess, J ~ r a n i c ~ ~  and Goodfel- 
low and co-workersZ3 have achieved some impressive results with Pt( IV) 

and Pt( 11) complexes, respectively, and Saito and his using extended 
Huckel methods, have been successful with a small range of Pt(0) deriva- 
tives. Goodfellow has recently summarized the situation.22b Figure 6 shows 
a plot of ~ 3 ( ' ~ ~ P t )  versus a parametrized up for a series of P t ( r v )  complexes. 
Despite this progress it is not likely that theory will be able to pinpoint a 
platinum resonance position in a complicated molecule in the near future. 

*There are also H/D and 'zC/'3C isotope effects on S('95F't).'70 
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FIG. 6. Linear dependence of 19,Pt  chemical shifts in platinum(1v) complexes on the 
parametrized paramagnetic shielding term. Complexes: 4, [PtBr,]’-; 5, [Pt(CN),]’-; 6, 
[PtI,]’-; 7, fac-[PtCI,F,]’-; 8, [PtBrCI,]’-; 9, [PtBr,CI,]’-; 10, [PtCI,(CNMe)]-; 11 ,  
[PtBr,CI]’-; 12, cis-[PtCl,(CNMe),]; 13, tran~-[PtCI,(PMe,)~]; 14, cis-[PtCI,(PMe,),]; 15, 
mer-[PtCl,(PMe,),]+; 16, [PtI(CN),]’-. From reference 25, with permission. 

Nevertheless there are certain characteristic positions for complex types 
within the ca. 15 000 ppm range of ‘95Pt chemical shifts, and this brings us 
to a few frequently (but not always) valid generalizations. 

(A) Substitution of a relatively hard A-type ligand, e.g. H 2 0  or C1-, for 
one which is softer and consequently coordinates strongly to P ~ ( I I ) ,  e.g. H-, 
CH3-, Ph-, AsR,, PR,, induces a relatively large change in c S ( ’ ~ ~ P ~ )  (500- 
1000 ppm or more), e.g. 

trans-[PtCl,L]- (ref. 23) 

L HzO C1 SMe, AsMe, PMe3 
CS(’95Pt) -1180 -1715 -2757 -3173 -3500 

trans-[ PtClR( PEt3)2]185 

R c1 COPh SnCl, Ph H CH, SiH326 
c S ( ’ ~ ~ P ~ )  -3916 -4532 -4790 -4857 -4875 -5003 -5067 
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(B) The Pt chemical shift is a function of the halogen, with low frequency 
shifts associated with increasing atomic number, e.g. 

PtX3(AsMe3)- (ref. 23) 
X c1 Br I 
6(195Pt) -3173 -3869 -5446 

X,(CO)Pt-Pt(C0)X: (ref. 27) 
X c1 Br I 
6(195Pt) -4160 -4335 -4709 

(C) There is a rough dependence of the chemical shift on oxidation state, 
e.g. ptC1,2- = 0, PtC1:- = ca. -1620; however, here the chemist must exercise 
caution. 

(a) The nature of the ligand is as important as the oxidation state, e.g. 
Pt( PEt3)4,28 6 = -5262 is at higher frequency than trans-[ R12( PEt3)2],23 
6 = -5553, although the coordination number is 4 in both cases. 

(b) The chemical shift of the metal in [PtL,] depends strongly on n, 
despite the formal zero oxidation state (see accompanying table). Note once 

'=Pt chemical shifts in complexes of Pt(O)= 

L in PtL, n = 4  n = 3  n = 2  

PMe, 
PMe,Ph 
PMePh, 
PEt, 
PBu", 
FTol, 
P(CHzPhh 
PPf, 
PCY, 
PBu',Ph 

-4909 
-4842 
-4783 
-5262 -4526 
-5356 -4511 

-4589 
-4439 

-6607 
-4567 -6555 

-6526 

To1 = p-tolyl; cy = cyclohexyl. 

again that the zerovalent [ Pt( PEt3)3] at 6 = -4526 appears at higher 
frequency than either t r~ns-[PtI , (PEt~) , ] ,~~ 6 = -5553, or trans- 
[ PtHCl( PEt3),], 6 = -4875, but that the tetrahedral complexes [ Pt( PEt3)J, 
6=-5262, and [P~(PBu"~)~] ,  6=-5356, are shifted to much lower 
frequency. The 2-coordinate complexes [PtL,], L = PPr',, Pcy,, PBu',Ph are 
found at even lower frequency, 6 = -6526 to -6607. These seemingly contra- 
dictory examples should serve to remind the reader that the sum of the 
differences (Ek- Ej) is what (partly) affects 6(19%) and not oxidation state 
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or coordination number. These latter are chemically and didactically useful 
tools which should be related to the chemical shift. 

(D) 6(”’Pt) is a function of complex geometry. This effect can be quite 
marked as in the square planar PMe3 complexes cis- and trans- 
[PtC12(PMe3)2],23 6 = -4408 and -3950, A 8  = 458, respectively, or far more 
modest as in the octahedral dianions cis- and trans-[PtClzBr4l2-, A 6  = 

13 ppm,29 or cis- and t r~ns- [PtCl , (OH)~]~~,  A 8  = 24 ~ p m ; ~ ’  see Tables 13 
and 16 for data on simple salts of Pt(rv). As might be expected, replacement 
of Cl, by Br, or OH- in the complexes [Ptc1,x6p,]2, X=Br,  OH, has a 
larger effect than the differences arising from the geometric isomers (ca. 
300 for X=Br? 500-600 for X=OH3’) .  Interestingly, in the anions 
[RCl,Br,-,]2-, 8(’95Pt) correlates with the sum of the Rochow electro- 
negativities for the halogens.29 

The recent chemical shift literature shows no developing pattern, rather 
it would seem that 6(19sPt) values are often collected just to have them. 
Indeed, this is reflected in the increasing number of metal shifts which 
appear in footnotes. The general trend in the chemistry is clear in that the 
number of reports containing I 9 ’ P t  data on organometallic complexes has 
steadily increased. As a sampling of these I note several on platinum-methyl 
c ~ m p l e x e s , ~ ’ - ~ ~  one of which reports a correlation of i3(’95Pt) with ~5(”Se),~’ 
and various others concerned with a l k ~ l , ~ ~ ” ~  a ~ y l ? ~  ~ l e f i n , ~ ~ , ~ ~  cyclometal- 
lated,40-42 i ~ o n i t r i l e , ~ ~  p h o ~ p h i n e ~ ~ , ~ ’  ( p h o ~ p h a t e ~ ~ )  and hydride4’ com- 
plexes. 

Before moving to couplings I note two attractive chemical shift applica- 
tions: the first involves the demethylation of methylcobalamin,48 where the 
platinum resonance is used to follow the reaction of PtC1:- with the methyl 
cobalt complex, and the second concerns the low temperature study 
of [ 11, which reveals conformational isomers.49 

V. COUPLINGS 

Pt is a very desirable “coupling partner”. The large gyromagnetic ratio, 
5.7505 ( v /  lo7 rad T-’ s-I), combined with its position in the periodic table, 

195 
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FIG. 7. 195R-{1H} spectrum of the anion [Pt(SnCl,),(norbornadiene)]- showing “’Sn and *l9Sn couplings. The inset, above, shows the 
‘H-coupled spectrum (main band). (H. Ruegger, PhD thesis, ETH, Zurich, 1983.) 
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gives a product which, in terms of the contact expression22a 

1J(195Pt-L) Y p t Y ~ l ~ \ y s . ~ ~ ~ ~ 1 2 1 ~ ~ . p t ~ ~ ~ 1 2  

xcc  (Ek-Ej )Cj ,p t  cj,L ck,F't c k , L  (4) 
j k  

(where L is a suitable ligand atom coupling partner) leads to relatively large 
one-bond spin-spin couplings. The E and C terms have the same meaning 
as in equation (3). Spectra demonstrating novel ' J (  R-L) splittings are 
shown in Figs 7-9, where platinum couples to '07Pb, '173119Sn and 7Li (Fig. 
2 contains a platinum-silver coupling). The most routinely encountered 
one-bond interactions are 1J(Pt-31P), 1J(F't-13C), 'J(Pt-'H) and 'J(Pt-15N). 

There is some information on the signs of "J(Pt-L).* McFarlane5O has 
shown that 'J(Pt-P) is positive in cis- and trans-[PtCI,(PEt,),], and this 
has been confirmed subsequently for a variety of methyl-phosphine organo- 
platinum complexe~~ '* '~  as well as in simple coordination complexes of 
PMe3,53 PF3,54 and P(OMe)3.54 'J(Pt-H) in the complexes [PtHL(PEt3)$ 

h i j i l i i i  
78  HZ 

1 
F r e q u e n c y /  H I  

FIG. 8. 42.8 MHz I g 5 P t  NMR spectrum of trans-[Pt(p-Li)(C=CPh),(Bu")(PEt,)l, (in 
C,D,, 27OC, 'H broad band decoupled). The splitting pattern due to spin-spin coupling 
between and two equivalent 7Li nuclei (I = 3/2) is shown. The presence of 6Li (natural 
abundance 7.42%, Z = 1 )  will contribute to the intensities, in particular to those of the inner 
lines since J('9'Pt-6Li) = 0.38J('95Pt-7Li). From reference 15c, with permission. 

* Henceforth the superscripts will be omitted. 



296 P. S. PREGOSIN 

t 9375 Hz I 9015 Hz 
T i 

FIG. 9. '95R-{'H) NMR spectrum of cis-[RPh(PbPh,)(PPh,),1 at 21.31 MHz, showing the 
asymmetry of the satellites relative to the central multiplets. From reference 15b, with per- 
mission. 

is also positive,55 L =  PH,, PH2Me, PHMe2, PMe,, PEt3, as is 'J(Pt-C) in 
the carbonyl compounds cis- and trans-[ PtCI2( l3CO)( PEt,)]56 and 
[PtCl(Ph)('3CO)(PEt,)].56 In the few reported examples, 'J(Pt-Se) is posi- 
tive.57,58 3 J(R-P-C-H) has been shown in many examples53759 to be positive, 
as has 2 J (  pt-C-F),51 but 'J(R-C-H) is 'J(Pt-Pt) has been 
determined to be positivem in the dimeric complexes [ Pt2(CNMe)612+ and 
[Ptz{(CF3)2CO}( 1,5-COD)2]. 

Platinum is one of the few transition metals where 2-,3-,4- (square planar 
and tetrahydral), 5- and 6-coordination is to be found. Generally the 
coordination numbers 2 to 5 give larger 'J(Pt-L) values than the related 
6-coordinate complexes since the former are associated with the lower 
oxidation states, Pt(0) and R(II), whereas the latter normally represents 
Pt(rv). This is readily understood in terms of the C coefficients which have 
a larger percentage s character in the lower oxidation states. Indeed, in 
some simple molecules 'J(Pt-L) follows the YO s character in the Pt-L bond 
in a semi-quantitative way. For PtL6 versus PtL, one would predict the 
value 'J{Pt(~v)-d~sp~}/'J{Pt(~~)-d~p~} to be ca. 0.67. The observed ratios 
are: 0.577-0.711 for 'J(Pt-P) in PMe, complexes;61 0.442-0.625 for PX3 
complexes,62 X = F ,  C1, Br, OMe, Me; 0.712 for 'J(Pt-C) in the pair 
[PtC13(CO)]- and [PtC15(CO)]-;62 0.79 for 'J(Pt-I4N) in the pair truns- 
[PtC12(NMe3)J and tran~-[PtCl,(NMe,)~];~' 0.71 and 0.67 for cis- 
[ PtX2( 15NH2(CH2)' 1CH3)2]63 and cis-[ PtX4( 15NH2(CH2)1 1CH3)2], X = C1, 
Br, respectively. The trend is clear and qualitatively supports the validity 
of using equation (4) in discussing changes in 'J(Pt-L). In addition to the 
well documented 1J(Pt-H),64*65 1J(Pt-C)65-67 and 'J(Pt-P) there 
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are several relatively uncommon additions to the literature in the form of 
' J (  pt- B)p8 ' J (  pt.&),57.58*69.70 J (  Pt-Te)71,72 and 1J(Pt-Ag).73 Compilations 
of couplings can be found in the tables section. 

VI. APPLICATIONS 

Most of the applications involving 8(195Pt) can be classified by utilizing: 
(i) Chemical equivalence (symmetry) 
(ii) Ligand induced effects and molecular structure 
(iii) "J(Pt-L) as a probe for structure and bonding 
(iv) Shift correlation. 
Point (i)  is nicely illustrated by [2] whose I 9 ' P t  spectrum reveals two 

types of P t ( x r ) ,  as shown in Fig. 10. Despite the four intervening bonds, 
4J(Pt-Pt) is 363 H z . ~ ~  

Pt 
0 5  

, 
o-----lOOOO Hz- 

FIG. 10. 195F't-{'H} NMR spectrum of complex [2]. From reference 74, with permission. 
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The isomers [3a] and [3b]” (Mes=mesityl) illustrate point (ii) in that 
changing from a phosphorus ligand to a pseudo-olefin induces a shielding 

2 1 

Ph3P Mes Ph3P, PMes 
\ 2  ’ /  
/ Pt-P /pt--J1 

“\CPh2 Ph3P CPh2 PhjP  

increase, in keeping with literature expectations (Table 2). Still on point 
(ii), inversion of one SCN from tetrakis-S-[Pt(SCN),I2-, 8 = -3961, to 
[Pt(NCS)(SCN),I2-, 6 = -3431, is accompanied by the high frequency shift 
expected when a “softer” sulphur ligand is replaced by the somewhat 
harder nitrogen end of the t h i ~ c y a n a t e . ~ ~  This type of linkage isomerism 
has been studied in 

Despite the sensitivity of the chemical shift, “ J (  Pt-L) data, point (iii), 
have proved to be the workhorse in solution structural problems. The two 
examples cited above do  not actually require 19’Pt data. The ‘J(Pt-PI) 
values readily differentiate [3a] from [3b] (the latter being a modest 500 Hz, 
the former 4940 Hz), and the “J(Pt-N) values immediately identify the two 
SCN linkage isomers since ‘J(Pt-N) is of the order of several hundred Hz 
and 3J(Pt-N) s 20 Hz. 

Of the various ‘J(R-L) interactions noted above, ‘J(Pt-P) and ‘J(Pt-C) 
have received the most coverage. There are two review articles with compila- 
tions of the (see also Tables 2 and 3), and Mann and Taylor’s 
texts0 on organometallic complexes is an important source for the latter. In 
view of the increasing importance of hydride complexes in transition metal 
chemistry a sampling of ‘J(R-H) values is given in Table 4. 

A. ‘J(Pt-N) and the trans influence 

Changes in ‘J(Pt-L) with trans ligand provide one method of determining 
the trans influence (the extent to which a ligand labilizes the bond trans to 
it in the ground state at equilibrium) and form the basis of a widely used 
structural tool. Since the trans influence is an important concept in the 
chemistry and spectroscopy of platinum( I I ) ,  and as the nitrogen chemistry 
of Pt(11) and Pt(1v) has become the focus of many bioinorganic laboratories, 
it seems worthwhile to explore the connection between ‘J (R-N)  and the 
trans influence. 

One-bond platinum-nitrogen couplings currently range from 88 Hzsl to 
ca. 7 5 5  Hz,s2*83 with [4] and [ 5 ]  currently representing extremes. As I find no 
mention of a ‘ J  value for a platinum nitrile, i.e. L,Pt-”N=CR, it is 
reasonable to assume that the full range has not yet been attained. For a 
single ligand, e.g. ”NH2R s4 or a Schiffs base,*’ the value of ‘J(Pt-N) is a 
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n- 
O ~ N  15 ~0~ 

\ (DMSO) [ 02sN'pt'x 1 
U 

[41 
[51 

(X = C1, 757 H Z , ~ ~  n = 2; X = H,O, 
754 Hz," n = 1; I5NO2 trans to X)  

function of the trans ligand, L, as shown in the accompanying scheme in 
which X and Y are a variety of ligands that may be either neutral or anionic 
(see Tables 6 and 7 for details). In some cases the cis ligands have been 
held constant, so the data directly mirror the trans influence. In others 
(where X and Y are shown) the couplings are a composite of the trans 
influence of L and the varying cis influences of X and Y. Carbon ligands 

I5N 
\ I  

x,, 
rHc% 

'Pt' 

L ' 'Cl L ' '0 L ' 'Y 
"N = 15NH3 232-410 Hz 

<-,pt,,? 

I:NH2(CH2)5CH3 0, 
\ ,  

Cl,, 

'Pt' 

138-336 HzX4 294-494 HzX5 
I5NO,452-757 H Z * ~ , * ~  
15NCS* 287-707 Hz76-78 

* 1J(Pt-15N)/1J(Pt-'4N) taken as 1.4 

trans to I5N reduce 'J(Pt-N) as do PR3 ligands, although to a lesser extent. 
Halogen and oxygen ligands result in relatively large one-bond couplings. 
A typical sequence for 'J(Pt-N) and other one-bond 'J(Pt-L) values is: 

H 2 0  > halogen > amine > DMSO (a sulphur donor) 
> AsR, > PR3 > carbon ligand 

with the trans influence of the ligand decreasing with increasing value of 
'J(Pt-L). The 232-410 Hz range indicated for the square planar NH3 com- 
p l e ~ e s ~ ~ - ~ '  is probably typical for biologically pertinent L ligands, but need 
not represent the entire spread for an sp3 nitrogen, e.g. see [4]. In any case, 
there are marked differences as a function of the ligand L, and this empiri- 

NH2CHZC02 
\ ,  

,0H22'  H3I5N, 
\ ,  

H31SN, 

'Pt' 'Pt' 

[61 [71 

H3"N ' 'OCOCH2NH3' 

'J(R-N) = 392,358 Hz 

H3lSN ' 'NH2CH2C02- 

'J(R-N) = 280 Hz 
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cism can be used to advantage, e.g. glycine reacts with the cancer drug 
precursor [ Pt(NH3)2( H20)J2+ to give complexes with the glycine oxygen 
coordinated (pH 1.5-4.5), [6]; however, at higher pH values the nitrogen 
becomes sufficiently active to yield [7] and these structural changes are 
reflected in the changes in ‘J(Pt-N). It is worth noting that, in general, 
different types of ligand are detectable from both ‘J(R-N) and ‘’% ’Ob 

data. A similar dependence of ‘J(A-N) has been observed’’ in the ethy- 
lenediamine complexes [8] and [9]. 

[81 
‘J(R-N)  =421 

2 +  r 
(N-MeIm) 

N (N-MeIm) 

(N-MeIm = N-methylimidazole) 

‘J(Pt-N) = 319 Hz 
[91 

2 +  

The NMR data for the anti-tumour drugs which involve complexes of 
pt( IV) are sparse,88392 so related trans influence correlations must await 
further work. 

Before departing from this chemistry I note several s t~dies’~-’~ concerned 
with ‘95pt shifts of dimeric and trimeric hydroxy bridged ammine platinum 
compounds. These are readily distinguishable from related monomers using 
the metal chemical shift data, and this can be important as these higher 
molecular weight materials are thought to be t o ~ i c . 9 ~  For example, the trimer 
[Pt(p-OH)(NH3)2],3+ has 6 = -1505, whereas the dimer [P t (pOH)-  
(NH3)2];+ appears at 6 = -1153. 

A dimer such as [lo] is also distinguishable from a pyridonate bridged 
dimer95 such as [ll].  

2 +  

/ \ / \  
H3N OH 
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The dependence of 'J(Pt-N) on the trans ligand for an sp2 nitrogen is 
not nearly as well d o ~ ~ m e n t e d ~ ~ - ~ ~ * ~ ~ , ~ ~  but is qualitatively similar to that 
for an sp3 nitrogen. Changing the trans ligand markedly affects the one-bond 
coupling as shown below: 

trans-PtCl,(pyridine)(PPh,) 97 

trans- ACl2(2,4-Me2-pyridine)(C2H4) l 8  

cis-PtCl,(pyridine)(PPh,) 97 

N trans to: 
PPh3 

CH2=CH2 
c1 

J (  ~ t - N )  
248 
408 
44 1 

For closely related ligands, e.g. pyridines anc L..ere are only 
modest differences in ' J (  Pt-N). Specifically, for some ethylene complexes 
(see scheme) the values fall in the range 379-426 Hz. However, should the 
chemistry change, as in [12] (see scheme) where we have increased the 
coordination number, both ' J (  A-N) and respond significantly."' 

sp2 nitrogen ligand 'J(R-N) 

(ethylene) 
\ 

/ 
C1 

2,4-Me2-pyridine 96 408 
2,4,6-Me3-pyridine 96 426 

Pt p-C1C6H,N=CMe2 98 396 
\ p-CH3C6H,N=CMe2 98 400 
(sp2 nitrogen ligand) CH3N=C(Me)R 99 319 

Bu'N = C(Me)R 99 403 

C1 
/ 

Bu' 
I IS 

G N ,  C1 CHPh 
HC I R - p  

I 
But 

[I21 
'J(Pt-N) = 135,178 Hz loo 

Tables 5-13 contain an extensive collection of 'J(Pt-N) couplings. Those 
terms in equation (4) which are required to change in order to account for 
the observed trans influence have already been discussed at 
length.62,84,85,101- 103 

B. Pt-Pt couplings in higher molecular weight complexes 

The chemistry of dimers and clusters is of increasing interest and chemical 
relevance. One consequence of this development is a growing NMR 
literature concerned with complexes with metal-metal interactions. In the 
case of platinum this has led to a burgeoning, if somewhat perplexing, 
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collection of "J(Pt-Pt) couplings. It is now well e~tabl ished '~ that "J(Pt-Pt) 
values do not correlate well with Pt-Pt bond lengths; nevertheless there are 
some few observations which, when taken together, provide useful structural 
probes. It seems reasonable to begin with "J(Pt-Pt) values where the metals 
are separated by two bonds, i.e. when the molecule contains the fragment 
[13], so that we can later better understand the significance of the results 
for molecules possessing a bridged metal-metal bond, i.e. [14]. It is 

that 'J(Pt-Pt) values are of the order of hundreds of Hz 
for a variety of molecules having bridging units of type [ 131. For X = halogen, 
~nown52,60,104-l 14 

X 
/ \  

Pt Pt 

X 
/ \  

Pt-Pt 

~ 3 1  ~ 4 1  

the values fall in the range 125-391 Hz;23*60,'04 for S'- or RS- the range is 
202-969 Hz,52,'05*106 with the lowest value known to be negative5' in sign. 
When the coupling goes via a bridging phosphorus atom, the observed 
values are +259 to +667,'08 and there is a single value through a bridging 
CH2 of 370 Hz.'" The chemistry of the bridging hydride ligand has delivered 
many suitable c o m p l e x e ~ ' ~ ~ - ~ ~ ~  which reveal this spin-spin interaction at 
92-886 Hz. The 92 Hz value arises from [15];"' however, note that for [16] 
the metal-metal coupling is 2853 Hz,'I6 and consequently structure [ 161 is 

~ 5 1  
J(Pt-Pt) = 9 2  Hz 

[I61 
J(Pt-Pt) = 2853 Hz 

sketched with a metal-metal interaction. The R3Si . . H notation is meant 
to suggest some H-Si character. As an aside I note that, in addition to the 
"J(Pt-Pt) value, the solution structure proof for complexes [15] and [16] 
as well as [17I1l2 and [18]"' makes extensive use of the values of 'J(Pt-HT) 
and ' J (  Pt-Hs) which differ considerably, the latter being much smaller. 

L L 

R- Pt-H,-P t- H,  

L L 

I I 
I I 

~ 7 1  
'J(Pt-Pt) = 366 Hz 
( L  = PEt,, R = Ph) 

L 
L H, 
\ / \ y  
/ \ / I  

Pt P t - H H ,  

L L 

L 
L H, 
\ / \ y  

Pt P t - H H ,  
/ -  ~\ 1 ;  

L L 

[I81 
'J(Pt-Pt) =325 Hz 

(L = PPh,) 
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Further, all these complexes have 'J(Pt-P) and 3J(Pt-P) values, and the 
presence of the latter is diagnostic for a higher molecular weight complex. 
These proton and phosphorus couplings can also be quite valuable when 
dealing with mixed metal dimers, e.g. [19]11' and [20]."8 

I' I" H 

H 
/ \  

\ /  
[PEt3)H-Pt IrH(PEt& 

H 

r191 r201 

Returning to "J(Pt-Pt), we see that, apart from [ 161, for molecules where 
the platinum-platinum interaction is considered to be weak or non-existent, 
the spin-spin coupling between the two metals is less than 1 kHz. 

For' dimeric complexes with definite platinum-platinum  bond^^^,^'^-'^^ 
the 'J(Pt-Pt) values are usually larger, and for R(I) and Pt(11) com- 

19,120,127 often > 3  kHz. Thus for complexes such as [21]120 and [22]'28 

P 1 1  1221 
'J(Pt-Pt) = 5250 Hz '/(F't-Pt) = 6541 Hz 

( R = P h )  

the NMR data clearly reveal the presence of the Pt-Pt bond, with compound 
[23] providing an extreme e ~ a m p 1 e . l ~ ~  

n 
I 1  
P N  PnN = 2-diphenylphosphinopyridine 

Cl-Pt-Pt-Cl 
I 1  

N P  
v 

[23] 'J(F't-Pt) = 10 269 Hz 

Although [21] to [23] are clear examples, there is evidence pa..iting to 
a substantial dependence of J (  Pt-Pt) on the remaining coordination sphere. 
Complexes [24] and [25] possess only modest Pt-Pt couplings. Interestingly, 
such molecules have phosphorus ligands trans to the metal-metal bond 
and, viewing each centre separately, such a ligand will exert a large trans 
influence thereby weakening the Pt-Pt interaction.'20 In summary, we are 
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L L  
1 1  

EtMe2P-Pt-Pt-PMe2Et 
I I  
L L  

~ 4 1  
J(R-R) = 525 Hz ''O 

(L=CH,N=C) 

i 
PREGOSIN 

2 +  
Et2P-S 

I I  

I I  
(PhO),P-Pt-PPt-P(OPh)3 

S-PEtZ 

~ 2 5 1  
J (  Pt-Pt) = 465 Hz 

safe in assigning significant Pt-Pt bonding to a dimer when the spin-spin 
coupling is considerably more than 1 kHz but the converse is not true (X-ray 
crystallography is still the most reliable general method). Consider the 
problem posed by complexes [26] and [27]. The former arises from the 

[261 ~ 7 1  
J(R-R)=400Hz J(R-Pt) = 332 Hz 

(R-Pt distance = 3.010 A)  (R-R distance = 2.769 A)  

cyclometallation of diphos (Ph2PCH2CH2PPh2),131 whereas the latter con- 
tains bridging Ph2PCHzPPhz l i g a n d ~ . ' ~ ~  Compound [27] is thought to con- 
tain a Pt(11)-Pt(r1) donor-acceptor bond, but [26] is not considered to have 
an appreciable Pt-Pt interaction. Whatever the extent of the bonding 
between the two metals, the value of J(Pt-Pt) does not seem a reliable 
indicator. It is worth remembering that compound [2] shows a long-range 
coupling, 4J(Pt-P-O-P-Pt), of 363 Hz? so four-bond interactions for [26] 
and [27] are worth considering. 

In an analogous fashion the interpretation of J(Pt-Pt) data for small and 
large clusters is clouded by our lack of knowledge with regard to signs, and 
by the uncertainty relating to the size of 2J(Pt-X-Pt) for a molecule with 
fragment [ 141. Typically, clusters contain bridging carbonyl ligands, e.g. 
[28], and possess J(Pt-Pt) values between 750 and 1840 Hz.607'3'-136 The 
trinuclear cluster [28] has several platinum-platinum coupling pathways, 
e.g. 'J(Pt-Pt), 2J(Pt-C-Pt),  'J (Pt -Pt -Pt ) ,  and as we only observe (or 
calculate) a composite of all the contributions it is difficult to use this 
parameter with confidence. Once again values substantially in excess of 
1 kHz have been shown, empirically, to be associated with short Pt-Pt 
separations and presumed Pt-Pt bonds. Just as with the dimers, the converse 
is not true, i.e. small J(Pt-Pt) values are not necessarily associated with 
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long and/or weak Pt-Pt interactions, e.g. [Pt3(p-CNB~')3(CNBut3)],60 an 
analogue of [28] with bridging and terminal CNBu' ligands, has J(Pt-Pt) = 

188 Hz. Not all the chemistry surrounding J(Pt-Pt) is ambiguous. The 
trimetallic compound [29] shows a very modest 57 Hz spin-spin interaction 

Me Me 
L \ /  

/c=c\ / 0 
C- 

(PPh,)(CO)Pt, ,Pt(CO)(PPh,) 
0 s  

L-Pt 

(CO), 
L 

[281 ~ 2 9 1  
J(Pt-Pt) = 1371-1770 Hz 60*132 

(L = tertiary phosphine) 
J(R-Pt) = 57 Hz 

(h-Pt distance = 3.033 A)  

between the two metals'37 and does indeed13' have the metals separated by 
more than 3 A. Since this section has emphasized higher molecular weight 
complexes it is appropriate to mention the extensive s t ~ d i e s ' ~ ' - ' ~ ~  on clusters 
(many with bridging carbene and carbyne m ~ i e t i e s ' ~ * - ' ~ ~ )  in which 195Pt 
data are given. 

Summarizing the entire applications section, although the platinum 
chemical shift is both sensitive to subtle and gross changes in the metal 
coordination sphere, it is still somewhat underdeveloped in comparison 
with the potential offered by "J(Pt-L). Although many 'J(Pt-L) values are 
readily understood, there are still some unanswered questions. 

VII. TABLES 

The following material is intended to provide the user with a qualitative 
view of platinum chemical shift and spin coupling data. The shift data are 
given with respect to external PtCl;-, and where this is not the case, i.e. a 
frequency reference is efnployed, the number has been converted using 
S(PtC1:p) = S(21.4 MHz) -4533. The reader is urged to consult the original 
literature since the experimental conditions are not specified and these 
contribute significantly to S(195Pt). This listing is not intended to be compre- 
hensive. Perhaps undue emphasis has been given to reports associated with 
the various aspects of organometallic chemistry; nevertheless it is hoped 
that the coordination chemist will find his way through the ensemble of 
group IV and V ligands to the metal. 
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T A B L E  1 

Some spin-lattice relaxation times for '95~t .a  

Complex Tl (s) Ref. 

(Pr 2PCH2)2Pt 3 

1.35,0.3 9,10 
1.28 9 
0.32 
1.11 9 

0.46,0.7 9,10 
0.46 9 
0.37 9 
0.28 9 
0.83 9 
1.09 9 

8 
co. 10.5 ms, 58.7 T 
34.8 rns (CD3CN) 6 

14.3 ms (CDCI,/CD,CN, 7: 2) 

ca. 100 ms, 21.1 T 

9.4b 
0.025 
0.031 
0.0085 
0.56 
2.4 
5.6 
1.5 

0.5 
0.21 
0.16 

0.45 

0.83 

0.15 

0.25 

0.17 

7.0b 
0.046 
0.053 
0.017 

2.37 
6.2 
1.5 

4 
4 
4 

4 

4 

4 

4 

4 

4.7b 
0.097 5 
0.123 5 

5 
5 

4.15 5 
8.31 5 
1.44 5 

2.1 1 T for references 9 and 10; 6.3 T for reference 6; 9.4 T for reference 4. 
B, in Tesla, 310 K. 
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TABLE 2 

I9'Pt chemical shifts for monomeric Pt(0) complexes. 
~ 

Complex S('95Pt) J (R-P)  Ref. 

R =  But 
CY 

Pt(CF,C=CCF,)(PPh,), 
Pt(CF,=CF,)(PPh,), 
R(CH,=CH,)(PPh,), 
Pt( RCGCR)(  PPh,), 
R = P h  R '=Ph 

Ph Me 

Ph C0,Me 

Ph H 

Et Et 
Me C0,Me 

Me Me 
H H 
C0,Et C0,Et 
C0,Me C0,Me 

Ph C N  
c F3 c F, 

CO,CH,CF, CO,CH,CF, 
Me C N  

H CN 

PBu',Ph 

-4636 

-5102 

-5239 

-5230 
-4645 
-4791 
-5065 

-4741 
-4727 

-4710 

-4690 

-4689 
-4682 

-4674 
-4658 
-4655 
-4653 
-4645 
-4640 

-4626 
-4598 

-4573 

-4586 
-4784 
-4941 
-4728 
-5830 

-6585" 
-6607 
-6479" 
-6501 
-6555 
-6526 

3393 

3248 
3227 

69 

3452 
3377 
3454 
3403 
3741 
3464 
3547 
3425 
3366 
3803 
3420 
3626 
3722 
3722 
3595 
3336 
3772 
3726 
3303 
3864 
3434 
3887 
3696 

4155 

4399 
4180 

4 

4 

4 
34 
34 
34 

24 
24 

24 

24 

24 
24 

24 
24 
24 
24 
24 
24 

24 
24 

24 

24 
23 
23 
23 
23 

5 
28 

5 
5 

28 
28 
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TABLE 2 (cont.) 

Complex 8(195R) J(R-P) Ref. 

RP, 
P= P{O( o-CH,C,H,)}, -4858 6968 5 

PEt, -4510' 4202 5 

PPh, -4583c 4455 5 
FTol, -4589 28 
PBU, -45 11 28 
PBz, -4439 28 
PCY, -4567 28 
RP'4 

P= P(OEt), -5750" 5374 5 
PMe, -4856" 3835 5 

-4909 28 
PMe,Ph -4842 28 
PMePh, -4783 28 
PEt, -5262 28 
PBu", -5356 28 

1' -4410 4360 (p) 75 

T2 -4847 3380 (P') 75 

-4526 28 

R{ PI( Mes)=CPh,}( PPhJ2 

4940 (PI) 

500 (PI) 

a 258 K. 
243 K. 
' 193 K. 



PLATINUM NMR SPECTROSCOPY 

T A B L E  3 

Some one-bond platinum-phosphorus couplings. 

309 

Complex S(3'P) 'J(Pt-P) Ref 

Br 

I 

trans-RX2( PMe,), 
X = C I  

Br 

I 

Br 

I 

PtH,(PEt& 
cis 
trans 

cis 
trans 

PtH,(PMe,), 

trans- RHX( PEt,), 
X = C I  

Br 
I 
C N  
NCO 
NCS 
SCN 
NO3 

-30.6 
-31.5 
-32.2 

-23.2 
--24.5 
-26.4 

-24.0 
-24.9 
-23.8 
-25.1 
-26.0 
-27.3 

- 15.8 
-15.8 
-20.4 
-21.5 
-32.2 
-32.3 
-19.6 

-26.9 
-12.0 
-25.5 
-15.6 
-26.1 
-20.3 

18.9 
27.7 

-21.7 
21.1 

23.2 
21.8 
19.8 
20.3 
22.5 
23.1 
20.8 
26.5 

61 
3614 
3542 
3311 

3824 
3682 
3480 

61 

3480 61 
3489 148 
3426 61 
3439 148 
3306 61 
3317 148 

2319 61 
2386 148 
2336 61 
2324 148 
2230 61 
2236 148 
2120 61 

148 
3370 
223 1 
3406 
2233 
3329 
2227 

1984 
2164 

1875 
2594 

2123 
2685 
2632 
2685 
2115 
2700 
2619 
2824 

110a 

110a 

150 
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T A B L E  3 (conf.) 

Complex S(3'P) 

cis-PtCI,( PEt,), 
trans-PtCI,( PEt,), 
[ PtCI(PEt,),]CIO, 

cis- PtCI,( PBu"~),  
trans-PtCI,( PBu",), 
[ PtCl( PBu",),]ClO, 

cis- PtCI,( PTol, ), 
trans-PtCI,( F'Tol,), 
[ PtcI(PTol,),]cIo, 

cis- PtCI,( PPh,), 
frans-PtCl,(PPh,), 

X = C I  Y = F  
Br F 
I F 

X = C I  Y = C l  
Br C1 
I CI 

X = C l  Y=OCH, 
Br OCH, 
I OCH, 

[PtX,( Ph3 )I- 

22.0 
23.2 

37.5 
37.3 
37.5 
40.5 
39.9 
36.7 
36.1 
17.2 
18.5 
52.8 

-30.1 
-3 1.8 
-35.4 
-21.5 
-38.2 (1) 
-30.3 (2) 

9.0 
12.1 
9.9 

17.6 
0.9 
4.5 
1.4(1) 

10.2 (2) 
12.2 
18.4 
18.7 (1) 
29.8 (2) 
13.8 
20.1 

50.2 
52.1 
60.3 
90.0 
90.7 
92.7 
58.3 
60.1 
74.3 

'J(F'-P) 

2768 
2730 

2760 
2795 
2810 
2897 
2866 
2813 
2845 
2793 
2684 
2872 

2465 
2497 
2420 
2230 
4082 
2164 
3502 
2394 
3442 
2263 
3505 
2379 
3441 
2267 
3694 
2595 
3645 
2475 
3678 
2637 

7464 
7257 
6959 
6182 
5869 
5371 
6020 
5932 
5753 

Ref. 

116 

116 
116 
148 

16 
16 

149 
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TABLE 3 (cont.) 

Complex S(3'P) 'J(pt-P) Ref. 

trans-PtCIR( PPh,), 
R =  Ph 

To1 
C6H4OCHS-p 

C6H4C1-p 
trans-PtXPh(PPh,), 
X = B r  

I 
SC N 

cis-RR,( PPh3), 
R =  Ph 

C6H40Me-o 
mesityl 
C6H,CI-p 

24.5 
24.2 
24.0 
23.9 

21.3 
23.6 
21.0 

18.4 
15.3 
2.7 

17.9 

151 
3157 
3148 
3169 
3095 

3091 
3130 
3075 

1763 
2012 
1736 
1813 

152 

151 
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TABLE 4 

'H NMR data for some hydride complexes. 

Compound 'H(7) 'J(R-H) Ref. 

trans- RHX( PEt& 
X = NO, 33.6 1322 153 

0-N=O 29.4 1003 153 
NCO 27.7 1080 153 
NCS 27.6 1086 153 
CI 26.8 1275 153 
Br 25.55 1346 153 
SCN 22.95 1233 153 
I 22.65 1369 153 
CN 17.6 778 153 
Ph 16.67 648 154 
H .  12.96 790 110 

trans- RHL( PEt3)t+ 
L = C2H4 17.20 908 155 

PY 29.32 1106 156 
co 14.76 967 156 
Bu'NC 17.13 895 156 
P(0Phh 15.21 872 156 
P(OM4, 14.54 846 156 
PPh, 16.51 890 156 
PEt, 16.24 790 156 

trans- RHX( PMePh,), 157 
x =c1 26.40 1260 

Br 24.90 1302 
I 22.09 1332 
NO3 32.90 1316 
NCS 27.02 1072 
SCN 22.18 1204 
CN 17.37 768 

trans-PtHL( PMePh, j2' 157 
L = 2-methylpyridine 27.20 1080 

2,4,6-trimethylpyridine 26.53 1073 
p-CH,C,H,NC 16.10 872 
PMePh, 15.39 840 
acetone 33.60 1458 
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TABLE 5 

S(I9'Pt), 'J(Pt-NY and the irans influence. 

Compound 8 J 

[ PtC12L(1SNH,(CH,)5CH3)] 84 

L = PBu", 
PMePh, 

AsBu", 
AsMePh, 
As(P-CH,C6H& 
l4NH2(CH,),CH3 

CI 
CI 

P(P-CH3C6H4)3 

C2H4 

PtC1,I$'sNHMe,)] 
L = '5NHMe2kH,CH,- 

PPh, 
DMSO 
aliphatic amine 

c1- 
Br- 

C2H4 

L 
I 

-3612 
-3597 
-3489 
-3328 
-3324 
-3322 
-2130 
-3006 
-2215 
-2805 

-2510 
-2647 
-2511 
-2207 
-2364 
-2233 
-2463 
-1630 
-1532 
- 1598 

138.3 
155.9 
158.8 
183.8 
208.8 
207.4 
286.8 
283.9 
336h 
295.6' 

107 
171 
226-244d 
278-290' 
299 
3 12-350' 
334-340' 

249.1 
303.0 
323.6 
366.2 
397.1 
416.2 
43 1 
464.7 
478.0 
494.2 
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T A B L E  5 (cont.) 

n 
N Me,SO 

Me,SO 
/ \  

HO N CI 

'Pt/ 

CI' \Me,SO 0 

-2097 
-2354 
-3046 
-3067 
-3126 
-3147 
-3224 
-1602 
-3110 
-2141 
-2902 

312.2 
317 
336 

- 
340.0 

317 
- 

- 
- 

330 

- 
278 
- 
- 
287 

288 
- 

- 
232 

233.8 
232 

244 
226 

- 

For cis-Pt(NH,), complexes,g the order of trans influences based on ' J  is: 
Ligand: H,O C0,- OH- CI- NH, S-met 
' J  (Hz): 390 360 340 310 285 265 

a Values are in Hz; J = 'J('95Pt-'5N). 

' cis-[ PtC12('5NHz)(CH,),(CH3)(C,H,)I. 

' Data from reference 63. ' Data from reference 86 
Data from reference 88. 

b .  cis-PtCI,( '5NH,(CH2)5CH3),J. 

From reference 86. 
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T A B L E  6 

NMR data for some thiocyanate complexes." 

C o m p 1 ex Isomer 6(195Pt) 'J(Pt-l4N) Ref. 

trans-[ Pt(CNS),( NMe,),] 
trans-[PtCI( NCS)( NMe,),] 

trans-[ Pt(AsMe,),(CNS),] 

trans-[ Pt(AsMe,Et),(CNS),] 

trans-[Pt(AsMeEt,),(CNS),I 

trans-[Pt(AsEt,),(CNs),l 

cis-[Pt(CNS),(SbMe,),] 
trans isomer 

trans-[ Pt( CNS),(SMe,),] 

trans-[ Pt(C NS),( SeMe,), J 

cis-[Pt(CNS),(PMe,),] 

cis-[Pt(CNS),( PMe,Et),] 

cis-[Pt(CNS),(PMeEt,),] 

cis-[ F't(CNS),( PEt,),] 

trans-[ Pt(CNS),(PEt,),] 
Pt(CNS),L- 

L = NMe, 

PMe, 

PMe,Et 

NN 

ss 

ss 

ss 

NN 
ss 

NS 
NN 
NS 
NN 
NS 
NN 
NN 

NSN 
N N N  
sss 
NSS 
NSN 
SNS 
NNS 
N N N  I sss 

-2224 
-2090 
-4495 
-4159 
-3733 
-4497 
-4163 
-3737 
-4494 
-4162 
-3739 
-4147 
-3714 
-4950 
-4570 
-4146 
-3726 
-3198 
-4363 
-3897 
-3338 
-4564 
-4372 
-4519 
-4423 
-4544 
-4442 

-4434 
-3870 

-2605 
-2088 
-4354 
-3985 
-3578 
-4094 
-3830 
-3519 
-4369 
-4015 
-4118 
-3858 

504 * 2 77 
460* 10 

3305 5 
370* 10 

330*5 

3101 10 
390* 10 

395* 10 

373 * 2 
451f2 

375 f 2 
440 f 2 

205 f 5 
2201 10 
245 * 5 
220*5 

424 f 2 

460 * 5 

355*5 
439 * 5 
205 f 5 

340f 10 
215*5 
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TABLE 6 (cant.) 

Complex Isomer 6(19%) 'J(Pt-I4N) Ref. 

AsMe, 

L = AsMe,Et 

SbMe, 

SMe, 

SeMez 

TeMe, 

( BU",N)~[P~(SC'~N),]  
(Bu",N),[Pt( "NCS)(SCI5N),] 
trans- [ Pt( Is  NCS)2( PBu",),] 

sss 

sss 

sss 
NSS 
sss 
NSS 
NSN 
SNS 
NNS 

sss 

I 
-4305 
-3891 
-3957 
-3636 
-4318 
-3906 
-3982 

-4374 
-3935 
-4067 
-3602 
-3035 
-3589 
-3231 
-4174 
-3676 
-3087 
-3682 
-4441 
-3923 
-3343 

6 'J(Pt-'SN) 

-3961 - 

-3431 525 
-3881 589 

trans-[ Pt( "NCS)(SCL5N)( PBu",),] -4244 49 1 
trans-[ Pt( SC1'N)( PBu",),] -4526 - 

353 f 5 
290* 10 

360 * 5 
270 i 5 

370*5 
450* 30 
360* 10 

315 f 5 
438 * 5 
368 f 10 

367 f 5 

3J(F'-15N) 

12 76 
12 

20 
20 

- 

* The coordinated atoms of the thiocyanate group are given in order around the metal 
starting from the group next to L; e.g. SNS indicates NCS trans to L. SS indicates two sulphur 
coordinated ligands, NS indicates one N and S bound thiocyanate, NN signifies two N- 
coordinated ligands. 
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T A B L E  7 

I9'Pt NMR data for some nitrogen complexes. 

317 

S('95Pt) 'J(Pt-"N) Ref. 

PY 

523 159 

{P~CI,(PBU",)},(~-BU'~N=CH)~ 
PtCI,( P B ~ " , ) ( ~ - B U ' ~ N = C H ) ,  
PtCI,( PBu",)( N-ligand) 

pyridine 
2,6-dimethylpyridine 
n-hexylamine-''N 
ar~ i l ine- '~N 
t-butylamine 

Pt( PhI5NSO)( PPh,), 

-1996 

-3412 
-3415 

-3505 
-3451 
-3612 
-3601 
-3534 

135 100 
178 

("N trans to styrene CH,) 
211 100 
217 100 

100 

138 
103 
159 
136*10 160 

trans-PtCl,(C,H,)( p-CIC,H,''NH,) 
trans-PtCI,(C,H,)( p-CH,C,H,'5NH2) 

Cyanate complexes 

trans- Pt( NCO),( NMe,),] 
trans-PtCI( NCO)( NMe,),] 
cis-[ Pt( NCO),( PMeEt),] 
cis-[Pt( NCO),(SMe,),] 
cis-[Pt(NCO),(SeMe,),] 
cis-[PtCI(NCO)(SeMe,),] 
trans-[ PtCI(NCO)(SeMe,),] 

-301 1 
-3013 

6 

-2054 
-1975 
-4350 
-3328 
-3458 
-3580 
-3580 

88 Hz 

242 
244 

' J (  Pt-14N) 

420 
470 
200 
330 
300 
3 00 
305 

13 

99 
99 

77 

20 
10 
20 
5 
5 

10 
10 
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TABLE 8 

Chemical shifts and 1J(’9sPt-15N) couplings for some platinum(l1) NO2 complexes. 

Complexa3 

[ PtC14]’- 
[ PtCI,Br]’- 
trans-[ PtCI,Br,]’- 
cis-[ PtC12Br212- 
[ PtCIBr,]’- 
[ PtBr4]’- 

trans-[ Pt( NO,)Cl,Br]’- 
&-[ Pt( NO2)CI,Brl2- 
cis-[ Pt( NO,)CIBr,]‘- 
trans-[ Pt( N02)CIBr212- 

trans-[ Pt( N02)2C12]2- 
frans-[Pt( NO,),CIBr]’- 
frans-[ Pt( NO,), Br,]’- 
cis-[ Pt( NO,),CI,]’- 
cis-[ Pt( NO,),CIBr]’- 
cis-[ Pt( NO,),Br,]’- 

[Pt(N02)3Br12- 

[WN02)C1312- 

[WN02)Br312- 

[WN02)sCl12- 

LWNOz),12- 

s ( 195Pt )  

-1631 
-1858 
-2101 
-21 11 
-2380 
-2676 
-1671 
-1828 
-1878 
-2057 
-2104 
-2303 
-1797 
-1994 
-2209 
-1797 
-1949 
-2120 
-1949 
-2087 
-2187 

J (Hz) trans to 

c1- 

589 

580 

570 

679 
665 

757 
665 

Br- NO2- 

570+“ 

568 

562 
470 
459 
452 

665 
65 3 

535 
745 522 

592 

trans to 

Complex” S(”5Pt) NO,- 0 

-2166 594 
-1928 53 1 754 
-1780 583 626 
-1487 748 
-1777 679 
-1780 470 

390h 
453 

a One peak partially hidden. 
trans to PBU”, 
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T A B L E  9 

”N and I9’Pt NMR shifts (ppm) and one-bond couplings (Hz) for some Pt(i1) 
and Pt(rv) diammines. 

Complex” c?(’~’P~) 6(”N) IJ(195Pt-15N) Solvent 

+860 
-145 

- 
-1499 
- 1590 
-1694 
-1723 
-1914 
-2048 
-2097 
-2168 

-37.9 275 
-30.5 247 

-81.7 3 42 
-79.1 339 
-89.0 387 
-83.7 366 
- 360 

-51.9 41 1 
- 302 
- 312 
- 312 

Complexh 6 (195 Pt ) 

-1153 
- 1505 
-1588‘ 
- 1308 
-2261 
-1810 
-2015d 
-2495d 

+ 1570 

Data from reference 88. 
* At pH = 4.2, except where noted. Data from re 

pH = 2.0. 
At pH = 4.2. This species is partially deprotonz 
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T A B L E  10 

195Pt and "N NMR parameters. 

S("N)' (.J('95F'-'5N)d) 

s ( p t ) b  

-1583.7 
- 1546.8 
-1516.3 

-1598.4 
-1550.0 
-1 502.1 
-1522 
- 1480.6 

-1585.0 
-1581.5 
- 1548.2 

trans H,O trans A" 
~~ 

-85.83 (390.6) 
-83.13 (396.5) 

-85.47 (403.4) 
-85.10 (395.5) 
-85.54 (392.6) 
-85.8' 
- 

-87.19 (393.6) 
- 
- 

-81.83 (339.3) 
-73.98 (298)' 
-82.15 (334)/ 
-85.47 (377.8) 
-86.80 (378.2) 
-86.46 (377.2) 
-85.8' 
-79.30 (342)' 
-83.38 (366)g 
-81.67 (348.1)h 
-83.12 (349.1)h 

-83.01 (376.9)h 
-77.36 (351.1)' 

Data for "N-substituted compounds, in H,O (-0.3 M). All compounds have cis ammine 
ligands. 
' All values to lower shielding from aqueous Na2PtCI,. 

All values to lower shielding from external "NH,+. 
Coupling constants in Hz, measured from 15N spectra. 

' trans to terminal hydroxide. ' trans to bridging hydroxide. 
trans to phosphate. 
trans to acetate. 

' Peaks coincident with peak from ( I ) .  R - N  coupling not clearly resolved. 
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TABLE 11 

I9'Pt and ''N NMR 

I5N( ammine)' 

ligand 15N(gl~) '  
trans 

Compound" mvh S ( N )  J(Pt-N) to NH, S(N) J(Pt-N 

-20 ( s )  

-35.5 (s) 

-2 (s) 

-8.1 ( s )  

-42.3 ( s )  

-1585.0 (dd) 

-1582.2 (dd) 

-1579.4 (dd) 

-1581.5 (t) 
-1573.8 (t) 
-2128.6 (ddd)' 

-2080.4 (br t )  

-2126 (dt) 

-2661 (tt) 

-87.19 
-81.67 
-87.19 
-82.64 
-87.28 
-82.78 
-83.12 
-83.85 
-84.91 
-64.93 
-76.40 
-68.90 

R 

8 

-65.2 

393.6 
348.1 
392.1 
358.4 
392.5 
362.3 
349.6 
359 
331.1 
301.3 
355.4 
306.6 
287h 
287h 
280 

+8.95 
+8.95 
+8.95 

H2O 
-0,c- 

O(gly) 
H2O 
O(mida) 
-0,c- 
O(gly) +9.00 
O(gly) -54.43 
N(gly) 

H2O +9.00 

O(mida) 
N(mida) 
OH -47.9 
N(g1y) 
N(gly) -49.3 

0 
0 
0 

0 

0 
275.0 

314h 

312 

a All ammine complexes with lSN-substituted ammine, and cis. 

' Shifts to lower shielding from "NH,+; coupling constants (Hz) from 15N spectrum, except wher 
Shifts to lower shielding from PtC1,2-; s = singlet, d = doublet, t = triplet, br = broad. 

otherwise noted. 
From reference 80. 
From reference 90. 

Overlaps with other peaks. 
From 195Pt spectrum. 

' For fully 15N-substituted compound. 
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T A B L E  12 

Platinum NMR data on some cancer related complexes. 

Complex 8('95Pt) 'J(Pt-14N) Ref. 

Pt( NH2CH2CH,0)2C12" 284 
trans-Pt(NH,CH2CH,0H)2(0H)2C12 88 1 
rrans,trans,cis-Pt(OH),CI2( NH,), 860 
Pt( H,O),( 1.2-diamino~yclohexane)~~ -1898 
[ Pt( p-OH)( 1,2-diaminocyclohexane)]~+ -1462 
[ Pt( p-OH)( 1,2-diamino~yclohexane)]~~+ -1757 
Pt(OH),( 1,2-diaminocyclohexane) -1796 

~ ( H ~ O ) Z ( ' ~ N H ~ ) ~ ~ +  

Pt("NH,),( 1 -methylimidaz~le-'~N,)~+ 

Pt(H20),(en-'sN2)2f 

Pt(en-"N,)( l-methylimidaz~le-'~N,)~+ 

Pt(H,O),( l-methylimidazole-'sN)2)2' 

Pt( H20)(en-'5 N,)( 1 -rnethylimidaz~le-~~N,)~+ 
Pt('5py)Cl(PPh3){C( =CMeJCH,py}+ -404' 

-3936d 
PtCI,('5py) PPh, 

trans -3560 
cis -3400 

trans- PtCI,( NHMe,)( PPh,) -3650 
[Pt('sNHMe2)CI(PPh,){C(=CMe2)CH,NHMe2}]+ -4093 

NMe2 - CH2 

PPh, I %Me2 

I I 
CI-Pt ~ C -3809 

195 92 
190 92 
196 92 
285 94 
142 94 
140 94 

94 

389 91 
287(NH3) 91 
437 (N3) 

26 ( N l )  
42 1 91 
319(en) 91 
429 (N3) 

26 (Nl )  
579(N3) 91 
33 ( N l )  

411,327 (en) 91 
266 97 
143 97 

' J  (Pt-"N) 

248 97 
44 1 97 
170 97 

97 

159 97 

a cis-N,N t rans -0 ,0  cis-dichloro isomer. 
en = ethylenediamine. 
py trans to PPh,. 
py trans to C ligand. 
,J(Pt-N). 
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TABLE 1 3  

Chemical shifts and couplings for some platinum(rv) complexes.“ 

Complex 

( 1 )  [Ptc1,12- 
(2) [PtCI,Br]’- 
(3) cis-[PtC1,Br,12- 
(4) trans-[PtCI,Br,]’- 
(5) fac-[PtC1,Br,12- 
(6) mer-[PtC1,Br312- 
(7) ~is-[PtCl,Br,]~- 
(8) trans-[PtCI,Br4l2- 
(9) [PtCIBr,]’- 

(10) [PtBr,]’- 

(12) trans-[Pt( NO,)CI,Br]’- 
(13) ~is-[Pt(N0,)Cl,Br]~- 
(14) mer, trans-[Pt(N0,)C1,Br,]2- 
(15) fac, cis-[Pt(NO,)C1,Br,l2- 
(16) mer, ~is-[Pt(N0,)Cl,Br,]~- 
(17) cis, rner-[Pt(N0,)C1,Br,]2- 
(18) cis,fa~-[Pt(NO~)CI,Br,]~~ 
(19) trans, mer-[Pt(N0,)C12Br3]2- 
(20) trans-[Pt(NO2)ClBr4l2- 
(21) ci~-[Pt(N0,)ClBr,]~- 
(22) [Pt(NO2)Br,l2- 
(23) trans-[Pt(N02)2C1,]2- 
(24) trans-[Pt( NO2),CI,BrI2- 
(25) trans-[Pt(N02)2C1,Br2]2- 
(26) trans-[Pt(N02)2CI,Br,]2- 
(27) trans-[&( N02),CIBr,12- 
(28) trans-[Pt(N0,),Br4]2- 
(29) ~is-[Pt(N0,),Cl,]~- 
(30) ~is-[Pt(N0,),Cl,Br]~- 
(31) cis-[ Pt( N0,)2CI,Br]2- 
(32) cis-[Pt( N02)2CI,Br2]2- 
(33) ~is-[Pt(N0,)~Cl,Br,]~- 
(34) ~is-[Pt(N0,)~Cl,Br,]~- 
(35) cis-[Pt( N0,)2CIBr,]2- 
(36) ~is-[Pt(N0,),ClBr,]~- 
(37) ci~-[Pt(N0~),Br,]~- 
(38) mer-[Pt(N0,)3C1,]2~ 
(39) mer-[Pt(N0,),C1,Br]2~ 
(40) mer-[Pt(N0,),C1,Br]2~ 
(41) mer-[Pt(N0,),CIBr,]2- 
(42) mer-[Pt(N0,),C1Br,]2~ 
(43) mer-[Pt(NO,),Br,l2- 

(11) [WNO,)CISI’- 

/(Hz) trans to 

CI Br- NO,- 

0 
-287 
-584 
-585 
-893 
-894 

-1214 
-1216 
-1548 
- 1894 

384 
86 

146 
-227 
-217 
-160 
-536 
-47 1 
-481 
-860 
-801 

-1135 
500 

[2101 
1-86] 
f-951 
-397 
-713 

862 
563 
614 
248 
310 
360 
-11 

51 
-216 
1043 
[7561 

[4561 
~ 0 4 1  

512 
207 

394 
393 

366 
400 
400 

361 
403 

366 
360 

403 
372 
372 

424 
427 
430 
430 
427 

433 

446 
[ 4 6 1  

399 

39 1 
394 
397 
397 
405 
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TABLE 13 (cont.) 

J(Hz) trans to 

(44) fac-[Pt(NO,),CI,]’- 
(45) fa~-[F’t(N0,),Cl,Br]~- 
(46) f a ~ - [ P t ( N 0 ~ ) , C l B r , ] ~ ~  
(47) fac-[Pt(N0,),Br,12- 
(48) f r~ns - [P t (NO~)~Cl , ]~ -  
(49) frans-[Pt(N0,),CIBr]2- 
(50) trans-[Pt(NO,),Br,]’- 
(51) ~is-[Pt(N0,),C1,]~~ 
(52) ~ is - [P t (N0, ) ,ClBr]~~ 
(53) cis-[Pt(N0,),Br,12- 

(55) [Pt(NO2),Brl2- 
(54) [WN02)5CI12- 

(56) [ P t ( N O J J -  

1375 
1133 
885 
63 1 

1280 
19951 
[6951 
1594 
1368 
1136 
1833 
1629 

[2080] 

460 
466 427 
467 424 

430 

488 
486 459 

455 
518 

482 

Data from reference 83. D,O solutions. ‘J(195Pt-15N). 
For compounds (23)-(47) the terms cis and trans, etc., refer to the geometrical arrangement 

of the nitrito groups. For (12)-(21) these terms refer to the arrangement of the halides except 
in (12), (13), (20) and (21) where they refer to the arrangement of NOz- and the single halide. 
The listed couplings remove other ambiguities. In compound (25) the bromides are cis, in (26) 
they are trans. The values given in square brackets are those predicted for the nine unobserved 
species. 
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T A B L E  14 

195Pt chemical shifts" and "J('%Pt-195Pt) couplings in some zerovalent and polymetallic 
complexes. 

~~ 

Complex 

[Pt,(CL2-C0)3(PR3)31 
PR, = P(cyclohexyl), 

PPr', 
PPri2Ph 
P(CH,Ph)Ph, 
PBu', M e 
PEt,Bu' 

-4581 
-4500 
-4463 (2) 

-5045 (1) 
-4426 

-5078 
-4411 (2) 
-5020 (1) 
-5091 (2) 

-4392 
-4530 
-4450 
-4448 

-4445 - 
Ptl pt2 .3  

-3908 -3883 
-3760 -3949 
-3828 -3970 
'3836 -3758 
-3855 -4066 

-4180 
-4162 
-4191 

-3488, -4361 
two isomers 

-4924 

-2882 
-4481 
-3599 
-4146 
-4417 

822 

750 

1571 
1607 
1610 
1619 
1770 
1595 

R',Pt2 P t 2 , P t 3  
586 1830 
507 1840 

385 1808 

1072 
1110 
1 I24 

1744 
1542 

57 

131 
131 
131 

131 

131 

132 
132 
132 
132 
132 
60 

133 

133 

134 

146 

135 
135 
137 
144 

143 
145 
145 
162 
163 
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TABLE 14 (cont.) 

Complex S('95Pt) 'J(195Pt-195Pt) Ref. 

p 7  
( C O ) p c  / P 

I I 
P P 
W 

P P = ( PhZP),CH, 
PtL2(p-CO)(p-u: T~-C,H,CH,- 

L = PMe, 

(CO)Pt, Pt, 

n 

P)W(CO)CP 

PMe,Ph 
PMePh, 

ptL,(p-X)(p-CHTol)W(CO),L,_, 
L = PMe, X = C O  n = 2  

PMe,Ph co ' 2  
PMe, co 1 
PMe,Ph co 1 
PMe, H 2 
PMe,Ph H 2 

PtL,(p-CO)(p-CHTOl) W( RC-CR)cp 
L = PMe, R =  Me 

PMe,Ph Me 
PMe,Ph Ph 
PMePh, Ph 

Pt(CO)(p-CR(Tol)(p- 
Ph,PCH,PPhJW(CO), 
R =  Me 

H 
C=CBu' 
SC,H,Me-p 

Pt(Ph,PCH,PPh,)(p- 
CMe(OMe))W(CO), 
[Pt(CO)(p-CMe)(p- 
Ph2PCH2PPh2)W(CO),]+ 

[ Pt2(p-( SiMe3C~CSiBu'Me2))(COD)zl 
BF,- 

1 [ I I  

A - C(CFd2 

(C0D)P  t -P t (COD) 

A = O  
NH 

[bPt(pL- PhCzCPh)PtL'J 
L=L'=PMe, 
L = PMe3, L'L = PhCECPh 
[(P(OMe),),Pt( CPh- cph-CO) Pt(P(OMe),), 

Pt, -3143 1730 136 
R B  -4036 

138a 

-4659 
-4644 
-4683 

-4289 
-4326 
-4548 
-4551 

-5539, -5556 
-5552 

138b 

138c 
-5239 
-5204 
-5167 
-5136 

139 

-4158 
-4221 
-3698 
-4342 
-4396 

-3462 
-3914 

-3709 
-3916 

-4693 

140 

140 

142 

+5355 60 
+6235 60 

410 60 
1006 60 

1976 129b 
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TABLE 14 (cont.) 

Complex S('95Pt) I J  ( 195 Pt-"'Pt) Ref. 

[ P ~ ~ ( ~ - C - N B U ' ) , ( C G N B U ' ) ~ ]  188 60 
[{PtC1(CO)(PPh,)}zl 760 60 
[{Pt(C=NMe),},13+ -4568 +507 60 

r 1 
Me2P-S 

I I  
P(OMe)3- Pt - Pt - P(OMe), 

I I  
S-PMe2 

A 
PhlP PPhz 

I I  
X-Pt-Pt-x 

I I  
PhlP  PPh2 v 

X=CI  
Br 
I 

truns-Pt2(cp),(CO),Pt,(pCL- 
OAc),Ph4( PR',) 

R=OMe 
Et 

X = C l  
Br 

Pt,BrI,(CO);- 
/,-7 
P N  
I I  

Cl-Pt-Pt-CI 
I I  
P N  
W 

P ~ z X ~ ( C O ) ~ ' -  

n 
P N = 2-diphenylphosphinopyridine 
Pt,(p-SPR,),L, (structure [25]) 
R=cy  L = P(OPh), 

Et P(OPh), 
Et P(OPh),Ph 
OEt P(OEt),Ph 
Et C=NCH, 
Ph C-NBu' 

Pt2( 02P-o-Po2)4x,4- 
X=CI  

-5139 410 

-2140 

188 

8197 
8828 
9007 

9400 

6044 
6541 

-4160 5250 
-4335 4770 

-4474, -4732 4087 

10 269 

60 

60 

60 
60 
60 

129a 
128 

119 

119 

123 

124 
495 
465 
366 
95 

1022 
1163 

126 
-4236 



328 P. S. PREGOSIN 

T A B L E  14 (cont.) 

Complex S('95Pt) 1J(195Pt-195Pt) Ref 

-4544 
-5103 

1753 
1796 
1720 
1822 
1592 
1744 
1809 
1638 
1890 
1713 
1866 
1440 
1973 
1550 

-5139 

127 
127 
127 
127 
127 
127 

3464 127 

5342 127 

3472 127 

5349 127 

165 
4663 125 
1320 121 

F S h  Pt-P 
P-Pt 
I I  I 

370 107 

400 

+259 

4-342 

+667 

+639 
-4549 164 

163 
-5349 500 

464 
-3933 

130a 

108 

108 

108 

108 
1 I4 
114 
113 
109 
166 
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TABLE 14 (cont.) 

Complex S(195Pt) 1J(L95Pt-'95Pt) Ref. 

PI = P, = PEt,, Y = Ph 
5-coordinate" 
4-coordinate 

PI = P, = PEt,, Y = Hb 

P, = P, = P(cyclohexyl),, Y = H' 

P,=Pz=PPh3,  Y = H d  

P, = PPh,, P, = P(cyclohexyl),' 

[P~ZH,(BU'ZP(CHZ), PBu',)zI+ 
R = 2  
R = 3  
sym-trans-[ Pt,X,L,] 
X = C l  L = PEt, 

CI PPr,Bu' 
CI PBu", 
c1 PPr", 
CI PMe,Et 
CI PMeEt, 
Br PMe,Et 
Br PPr", 
I PBu", 
I PMe,Et 
I PMeEt, 
I PPr", 
c1 PMe, 
CI AsMe, 
c1 AsEt, 
c1 AsPr, 
CI AsPr', 
c1 AsBu", 
Br PMe, 
Br AsMe, 
Br SbMe, 
I PMe, 

-4369 
-5265 

-4812 { -5328 

-4908 { -5255 

796 

886 

268 

325 

701 

815.4 
840.2 

193 
125 
199 
200 
177 
190 
219 
239 
380 
377 
383 
391 

-3410 
-3034 
-3023 
-3008 
-2983 
-3014 
-3985 
-3701 
-3772 
-5291 

112.113 

112,113 

112,113 

112,113 

112.113 

164 
164 

104 
104 
104 
60 
60 
60 
60 
60 

104 
60 
60 
60 
23 
23 

a 
a 
a 
a 

23 
23 
23 
23 
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TABLE 14 (coat.) 

C o m p 1 ex 6(195Pt) 1J(195pt-'95Pt) Ref. 

I AsMe, -5212 23 
I SbMe, -5386 23 
I SMe, -4827 23 

[(PP~"3)zPt(fi-C~)~Pt(PPr",),12+ -4255 137 23 
[C1,Pt'(fi-SeMe,)PtZClZ(SeMe~)] 
pt, -2807 516 60 
pt2 -3749 
[ (P)CWP-X,  Y)PtCI(P)I 
X = CI, X = S(CH,Ph), -3884 390 8 
P = PBu", 
X = Y = S(CH,Ph), -3843 880 8 
P = PBu", 
X = Y = SPh -4018 8 
P =  PMe,Ph 
X = Y  = SEt -3807 8 
P = PMe,Ph 
P~z(cL-S)(CL-SCH~)(PP~~)~II 969 1 06 
P~,(P-SM~),(CH,),(PM~,P~), -202 52 
[F"Me,Ph),l -4728 23 
[W'(OMe),),l -5830 23 

two isomers { -4195 

[ W FPOC&LO),I -5629 59 
[WFP(OPh)z),l -5590 59 

[WCzFJ(PPh,)zl -4791 34 
[R(CzH.d(PPh,)zl -5065 34 

[WpEts)z(Co(CF,)z)l -4941 23 
[WCzFJ(PEt,)zl -4784 23 

a G. Balimann, Ph.D. thesis, ETH Zurich, 1977. 
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TABLE 15 

19'Pt chemical shifts" of nitrate, sulphate, phosphate, acetate, and chloride complexes 
of Pt(H20)2+. 

Complexes 

bis 
Anion mono (cis and trans) tris tetrakis 

NO,- -24 -57 -96 
-59 

so:- +74 +133 
+164 

H,PO,- +145 +267 +424 +602 
+292 

CH,COO- -20 
c1- -350 -811 (cis) -1185 -1625 

-644 (trans) 
~~ ~ 

a Measured relative to an aqueous solution of Na,PtCl,. From reference 90b. 

T A B L E  16 

'=Pt shift data for some simple salts of Pt(1v). 

n = O  3290 -1879 
n = l  2797 -1529 
n = 2 cis 2361 -1191 

trans 2337 -1206 
n = 3  fuc 1851 -865 

mer 1828 -879 
n = 4 cis 1278 -566 

trans 1260 -578 
n = 5  663 -277 
n = 6  -3 O b  
H2R16 -6300 
H,PtBr6 -1860 

Alkaline aqueous solution, pH = 10-12; data from reference 30. 
As Bu,N+ salts in acetone. (Bu,N),PtCl, arbitrarily assigned zero; data 

Data from reference 187. 
from reference 29. 



332 P. S. PREGOSIN 

T A B L E  17 

The effect of ligand and geometric isomerization on S(195Pt).a 

L =  PMe, AsMe, SbMe, SMe, SMePh 

cis- RCI,L, 
cis- PtBr,L, 
cis- PtI,L, 
cis-PtCIBrL, 
cis-PtCIIBr, 
cis-FTBrIL, 
trans-PtCI,L, 
trans- PtBr,L, 
trans-PtI,L, 
trans- PtCl BrL, 
trans- Pt C I I L, 
trans-PtBrIL, 

PtBr,L- 
PtC1,L- 

PtI& 

L =  

-4408 
-4636 
-4588 
-4517 

-3950 
-4413 
-5539 

-4741 

-3500 
-41 19 
-5506 

SeMe, 

-4291 
-4625 

-4448 

-3180 
-4378 
-5518 
-4075 
-4655 
-4963 
-3173 
-3869 
-5446 

TeMe, 

-4612 
-5019 
-5816 
-4197 
-5138 
-5385 

-4749 
-5131 
-3143 
-3928 
-5642 

-3551 
-3879 

-3707 
-4025 
-4224 
-3424 
-3899 
-5789 
-3660 
-4141 
-4375 
-2751 
-3415 
-4973 

SOMe, 

-3488 
-3858 
-4686 
-3664 
-4021 
-4224 
-3385 
-3879 
-4805 
-3629 
-4118 
-4365 

cis-PtCI,L, 
cis- PtBr,L, 
cis-PtI,L, 
cis-PtClBrL, 
cis- F'tCIIBr, 
cis- PtBrI L2 

trans-PtCI,L, 
trans-PtBr,L, 
trans- FTI,L, 
trans- PtCIBrL, 
trans- PtCIIL, 
trans-PtBrIL, 

PtBr,L- 
PtC1,L- 

RI,L- 

-3735 

-3504 
-4041 
-4819 
-3169 
-4304 
-4573 
-2169 
-3476 
-5129 

-4369 -4371 -3417 
-4599 -3718 
-5102 
-4416 -3619 
-4669 
-4820 
NMe, 
-1886 
-1988 

-1935 
-5664 

-3059 -2998 
-3826 -3641 
-5528 

a The anions have Pr,N+, Ph,P+ or Bu,N+ cations; data from reference 23. 
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TABLE 18 

The effect of different phosphorus ligands on S('95Pt)." 

-3500 
-3540 
-3520 
-3524 
-3511 

-3515 
-3513 

-4408 
-4490, -4475 - 

-4442 
-4448 
-4403 
-4426 
-4439 

-4428 
-4407 

-3496 
-4363 
-4298 

-3626 
-3584 
-3534 
-3425 
-3354 

-3950 
-3938, -3916 

-3929 

-3964 

From reference 23. 

PMe 
PE 
PPr 
PBu 
PMe Ph 
PE Ph 
PMePh 
PPh 

P( p-CH OC H ) 
P(OMe). 
P(0Et)  
P(0Ph) 
PF 
PF (OMe) 
PFtOMe) 
PCI(0Me) 
PCI (OMe) 

P( p-C1C H 
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TABLE 19 

19'Pt chemical shifts of some arsioe complexes." 

Compound S('95Pt) A%, 

cis-[ PtCI,(AsEt,),] 
cis-[ PtCI,(AsPr",),] 
cis-[ PtCl,(AsMe,Ph),] 
cis-[ RCl,(AsMePh,),] 
cis-[PtCl,(AsPh,),] 
cis-[ PtCI,( AsTol,),] 
cis-[ PtCI,(AsBzPh,),] 
trans-[ PtCI,(AsEt,),] 
trans-[ PtCI,(AsPr",),] 
trans-[ PtCI,(AsBu",),] 
trans-[ PtCI,(AsPr',),] 
trans-[ PtCI,(AsMe,Ph),] 
trans-[ PtCI,( As MePh,),] 
trans-[ PtCI,(AsPh,),] 
trans-[ RCI,( AsTol,),] 
sym-trans-[ Pt,CI,(AsEt,),] 
sym-trans-[ Pt,CI,(AsPr",),] 
sym-trans-[ Pt,CI,(AsBu",),] 
sym-trans-[ R,CI,( AsPr',),] 
trans- [ PtCl,( AsPr",),] 
cis-[ PtC1,( PBu",)( PT013)l 

-4363 
-4321 
-4287 
-4323 
-4351 
-4352 
-4325 
-3710 
-3703 
-3709 
-3596 
-3771 
-3192 
-3803 
-3801 
-3023 
-3008 
-3014 
-2983 
-1023 
-4412 

-400 
-170 
-180 
- I90 
-115 - 80 
-160 
-105 
-75 
-55 

-130 
-100 
- 100 
-65 - 40 

-225 
-200 
-135 

-115 
1 3  

~ ~~ ~ 

' Data from the Ph.D. thesis of G. Balimann, ETH Zurich, 1977. 
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T A B L E  20 

19'Pt chemical shifts of some olefin complexes of Pt(r1). 

Compound S('95Pt) Ref. 

[PtC~,(C,H,)I- 
( Pr,N)[ PtCl,(n-octene)] 
trans- [ PtCl,( amine) ( C,H,)] 

MeNH, 
EtNH, 
Pr'NH, 
PhCH,NH, 
PhCH(CH,)NH, 
PhCH( Bu')NH, 
Me,NH 
EtMeNH 
Pr'MeNH 
PhCH,MeNH 
(S)-PhCH(CH,)MeNH 

S.S. 
S.R. 

piperidine 
2,6-Me2-piperidine 

trans-[ PtC1,( substituted pyridine)(C,H,)] 
2,4,6-(CH3)3 
2,6-(CH3)2 
2,4-(CH,)z 
2-CH3 
~ - N ( C H ~ ) Z  

4- H 
4-C1 
4-COCH3 
4-CN 

4-CH3 

trans-[ PtCl,(piperidine)( cis-2-butene)] 
trans-[PtCl,(piperidine)( trans-2-butene)l 
trans-PtClBr,( C,H,)]- 
cis-[ PtCI,Br(C,H,)]- 
cis-[PtClBrz(CzH4)]- 

trans-( N, olefin)-[PtCl(N-Me-S-proline)(olefin)] 
propene R 

S 
trans-2-butene R 

S 

S 
p-chlorostyrene R 

S 

W"",)[PtBr,(C,H4)1 

Bu'-ethylene R 

-2743, -2785 
-2718 

-3040 
-3020 
-3008 
-3030 
-3016 
-2990 
-3074 
-3049 
-3030 
-3047 

-3045 
-2996 
-3087 
-2953 

-2871" (-2849)b 
-2877 

-2930" (-2909)b 
-2937 
-2980 
-2979 
-2919 
-2986 
-2984 
-2992 
-2943 
-2941 
-3360 
-3062 
-3155 
-3473 

-2532 
-2532 
-2523 
-2523 
-2495 
-2490 
-2391 
-2402 

23, 167 
23 

168 

18 

167 
167 
23 
23 
23 
23 

169 

169 

169 

169 
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T A B L E  20 (cont.) 

Compound s('95Pt) Ref. 

-2391 
-2395 
-2365 
-2371 
-3361 
-3594 
-3624 
-3626 
-3624 
-3618 
-3614 
-3536 
-2496 
-3633 
-3639 

169 

169 

34 
34 
34 
34 
34 
34 
34 
34 
39 
39 
39 

a CDCI,. 
Acetone. 

[RCI (1,5-COD)] 
[RMe (1,5-COD)] 
[RPh (1,5-COD)] 
[R( P-CIC H ) ( 1  5-COD)l 
[R(p-PhC H ) [1,5-COD)] 
[R(p-CH C H ) (1,5-COD)] 
[R(p-FC H ) (1,5-COD)] 
[R(o-CH C H4)2(1,5-COD)] 
[RCI (H C=C=CH,)]- 
cis-[RCI,(H,C=C=CH )(PPr" )] 
cis-[PtCI,(H,C=C=CH )(PMe Et)] 

CDCl 
Acetone. 
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TABLE 21 

I9'Pt chemical shifts of complexes with some carbon ligands. 
____ ~ 

Compound S('95Pt) Ref. 

cis-[PtMe,(PMe,Ph),] 
cis-[PtMe,(PMePh,),] 
cis-[Pt(AsEt,),Ph,] 
frans-[Pt( AsEt,),Ph,] 
trans-[Pt( Me)I( PMe,Ph),] 
frans-[ Pt( Br)Me( PMe,Ph),] 
trans-[ Pt( Me)CI( PMe,Ph),] 
trans-[ Pt( Me)I( PMePh,),] 
frans-[ PtMe( PMe,Ph),(SePh)] 
cis-[Pt(Me)CI( PMe,Ph),] 
trans-[Pt(CF,)I(PMe,Ph),] 
trans-[ Pt( Me)I( PEt,),] 
trans-[Pt( Me)CI( PEt,),] 
trans-[ Pt(AsMe,),IMe] 
frans-[Pt(AsMe,),(Br)Me] 
frans-[Pt(AsMe,),(Me)CI] 
trans-[ Pt(AsMe,),( Br)Ph] 
trans-[Pt(AsMe,Ph),(Me)l] 
frans-[Pt(AsMe,Ph),(Br)Me] 
frans-[ Pt(AsMe,Ph),( Me)CI] 
[ { P ~ M ~ , ( P ~ - I ) L I  
fac-[PtMe,I(tmen)] 
fac-[PtMe,Upy),l 
fac-[ Pt(AsMe,Ph),( Br)Me,] 
fac-[ PtMe,I( PMe,Ph),] 
f i e - [  PtBrMe,( PMe,Ph),] 
fac-[  PtMe,CI( PMe,Ph),] 
fac-[ PtMe,I( PMePh,),] 
fac-[PtMe,I(PMe,),] 
fac-[PtMe,I(dppe)l 
[PtBr,Me,(py),l 
[ P ~ M ~ , I , ( P Y ) ~ I  
[PtMe212(PMe2Ph)21 
[PtMe,1,(PEt3),l 
[ PtBr2Me2( PMe,Ph),] 
[ PtMe,C12( PMe,Ph),] 
[ PtMe,CI,( PMe,Ph),] 
[ PtBr,Me(PMe,Ph),] 
[PtMe,(CF3)I(PMe2Ph),1 
[PtMe2(CF3)I(PMe2Ph),I 
[PtBrMe2(C3H5)(PMezPh),1 
[PtMe2(C3H5)C1(PMe2Ph)zl 
[PtBrMe,(CH,Ph)(PMe,Ph),] 
[ PtMe,(COMe)C1(PMe2Ph),] 
[PtBrMe,(COMe)( PMe,Ph)J 

-4594 
-4649 
-4584 
-4475 
-4963 
-467 1 
-4484 
-4965 
-4833 
-4522 
-4629 
-4857 
-4509 
-4859 
-4616 
-4474 
-4405 
-4929 
-4681 
-4532 
-2769 
-2413 
-2515 
-3815 
-4289 
-3989 
-3831 
-4239 
-4353 
-4517 
-2251 
-3347 
-4387 
-4288 
-3816 
-3515 
-3109 
-3732 
-3997 
-3919 
-3929 
-3793 
-3894 
-4554 
-4676 

34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
34 
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TABLE 21 (cont.) 

Compound 6('95Pt) Ref. 

-1389 
-1865 
-1359 
-1874 
-4677 
-4227 
-4230 
-4214 
-3891 
-3704 
-4113 
-3151 
-2369 
-3298 
-4441 
-4548 
-4843 
-4707 
-4746 
-248 1 
-2624 
-3349 
-3598 
-2944 
-4714 
-4790 
-3294 
-4033 
-4214 
-3321 
-3866 
-4164 
-4404 
-4928 
-4295 
-4255 
-4513 
-4655 
-447 1 
-4594 

-3869 
-3876 
-3881 
-3806 
-3880 
-3655 

34 
34 
34 
34 
34 
36 
36 
36 
41 
41 
41 
37 
37 
37 
37 
37 
37 

170 
170 
170 
170 
170 
170 
170 
170 
170 
170 
170 
170 
170 
170 
59 
59 
59 
59 
59 
59 
59 
59 
59 

171 
171 
171 
171 
171 
171 
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TABLE 21 (cont.) 

Compound 8(I9'Pt)  Ref. 

[PtC1,(CO)(PEt3)1 cis 
trans 

[PtCIPh(CO)( PEt,)] P cis to CO 
P trans to CO 

[PtCIPh(CO)(PMePh,)] P trans to C1 
P trans to CO 
P trans to Ph 

[WOC&LCO)LJ 
L = PBu", 

P(P-CH,C,H,), 
P(OEt), 
P( OPr'), 

-4207 56 
-3840 
-4345 56 
-4168 
-4288 56 
-4201 
-4067 

-4304 172 
-4316 172 
-4380 172 
-4390 172 
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TABLE 2 2  

'=Pt chemical shifts of some complexes with Si, Ge and So ligands. 

Compound Zi('95Pt) Ref. 

trans-[PtCl(SiH,)( PEt,),] 
trans-[ PtCl(SiH,F)( PEt3),] 
trans-[PtCI( SiH,CI)(PEtJ,] 
trans-[ PtCl(SiHCl,)( Pet,),] 
trans-[PtCI(SiH,CCH)( PEt,)*] 
trans-[PtCI(SiH,CCCF,)( PEt,),] 
trans-[ PtBr(SiH,Br)(PEt,),] 
trans-[ PtBr(SiHBr,)(PEt,),] 
trans-[PtI(SiH,)(PEt,),] 
trans-[ Ptl(SiH,Cl)(PEt,),] 
trans-[ PtI(SiH,I)(PEt,),] 
trans-[PtI(SiH,)( PEt,),],S 
trc~ns-[PtI(SiH,)(PEt~)~],Se 
trans-[ Pt1(SiH,SeSiH3)(PEt3),1 
trans-[ PtI( SiHICCH)( PEt,),] 
trans-[ PtC1(GeH,CI)(PEt3),] 
trans- [ Pt I (GeH,) ( PEt, ),I 
trans-[Ptl(SiH,NHSiH,)( PEt,),] 
trans-[ PtI( SiH,)],NH 
trans-[ PtI(SiH,NSiH,),(PEt,),] 
trans-[ PtI(SiH2P( SiH3),)( PEt,),] 
trans-[ PtCI(SnCI,)( PEt,),] 
trans-[ Pt( SnCl,),( PEt,)J 
trans-[Pt(SnCI,),(P(OEt),),l- 

trans-[ PtH(SnCI,)( PEt,),] 
trans-[ PtH( SnCl,)( PPh,CH,Ph),] 
trans-[PtH(SnCI,)( PPh,),] 
trans-[ Pt(C(C0,Et) =CHCO,Et)(SnC1,)(PPh3),] 
trans-[ PtCl(SnCl,)( P( p-ClC,H,),),] 
cis-[PtCI(SnCl,)(P( p-CH,OC,H,),),] 
cis-[PtCl(SnCl,)( P( p-CH,C,H,),),] 
trans-[ PtCI(SnCl,)(AsEt,),] 
cis-[PtCl(SnCI,(As( p-CH,C,H,),),] 
trans-[ PtCI(SnCl,)(As( p-CH3C,H,),)21 
trans-PtCI(SnCI,)( PEt,), 
trans-PtCI(SnCl,)( Ptr",), 
cis-PtCl( SnCl,)( P( OPr'),), 
trans-Pt( SnCI,),( PR,), 
R = OEt 

O h '  
Et 
Pr" 

mtls-[ Pt(C,H5)( SnC1,)(PEt3),] 

Pt( SnCI,),L,- 
L = PPr", 

-5067 
-4935 
-4992 
-4853 
-5049 
-5035 
-5061 
-4902 
-5270 
-5198 
-5164 
-5181 
-5168 
-5178 
-5110 
-4904 
-5317 
-5262 
-5250 
-5240 
-5177 
-4780 
-5152 
-5234 
-4799 
-5302 
-5322 
-5195 
-4771 
-4812 
-4742 
-4718 
-4857 
-4785 
-4835 
-4779 
-4746 
-4551 

-5132 
-5136 
-5082 
-5061 

-5120 

26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 
26 

173 
173 
173 
173 
174 
174 
174 
174 
175 
175 
175 
175 
176 
176 
177 
177 
177 
177 
177 
177 
178 

178 
178 
177 
177 

177 
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Compound 6('95Pt) Ref. 

L = AsEt, 
AsMe, 
P(OMe), 
P ( 0  Ph), 

Pt( SnCI,),( PEt,)*- 
cis- PtCI,(SnCI,)L- 
L = PEt, 

PTol, 
P(OEt), 
P( 0 Ph 1 3  

AsEt, 
AsPh, 

trans-PtCI(SnCI,),L- 
L = PEt, 

PTol, 
AsEt, 

cis- PtCI( SnCI,),(AsEt,) 
PtcI,( SnC1,)'- 

cis-PtCI,(SnCI,),Z- 

PtCI( SnCI,),'- 
Pt( SnCl,),Z- 

Pt( SnC1,),3- 

PtH( SnCI,),,- 
PtH(SnCI,),( PEt,),- 
[Pt(~-Cl),(SnCI,),-,,Ll 
n =2 L = PEt, 

1 PEt, 

0 PEt, 
2 PTol, 
1 PTol, 
0 FTol, 
2 AsEt, 
1 AsEt, 
0 AsEt, 

trans-PtCI,_,( SnCI,),( l-R-3,4-dimethylphosphole)" 
R=CH, n = l  

CH, 2 
Bu" 2 
But 1 
But 1 cis isomer 
Bu' 2 
Ph 1 
Ph 2 
Bz 1 

-5400 
-5363 
-5390 
-5629 
-5633 

-4359 
-4329 
-4310 
-4311 
-4275 
-4284 

-4728 
-4617 
-4857 
-4738 
-2748 
-4202 { -6415 
-4829 
-5615 
-5894 { -4701 
-5824 
-5396 

-3409 
-3419, -4270 

,J(Pt-Pt) = 238 Hz 
-4320 
-3353 

-3293, -4157 
-4178 
-3069 

-3045, -4170 
-4231 

-4940 
-5442 
-5463 
-5006 
-4885 
-5470 
-4775 
-5436 
-5312 

177 
177 
178 
178 
178 
178 

178 

178 
179 
179 
180 
179 
179 
179 
181 
179 
179 
179 

182 
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T A B L E  2 2  (cont.) 

Compound S('95R) Ref. 

R =  Bz 2 
R2( SnCI,),( p-Ph,PCH,PPh,), 
R,CI( SnCI,) ( p -  Ph,PCH,PPh,), 

Pt2(SnCI,),(~-CH2)(~-Ph2PCH2PPh,), 
Pt,(SnCI,),(p-S)(p- Ph2PCH2PPh2), 
P~,(~.L-S~C~,)CI,(CO)~ 
trans-RR( SnCI,)( PEt,), 
R = CH, 

CH,Ph 
COC,H, 
C,H,-p-N02 
C6H4-p- C F, 
C6H,-p-Br 
C,H,-p-H 
C6H4-p- OC H, 
C6Hd-p-CH3 
C,H,-m-NO, 
C6H,- m- CF, 
C,H4-rn- Br 
C,H,-m-OCH, 
C6H4- m -CH, 

cis- F't(Z)Ph( PPh,), 
Z = SnPh, 

SnPh,CI 
SnPhCI, 
SnPh,Br 
SnPhBr, 
SnPh,I 
SnPh,NCS 
SnPh,( SPh) 
SnPh,( SCH,Ph) 

cis-PtCI( Z)( PPh,), 
Z = SnMe,CI 

SnBu,CI 
SnBu',CI 
SnMeCI, 
SnBu"C1, 
SnPhC1, 

cis-PtBr(Z)( PPh,), 
Z = SnMe,Br 

SnBu",Br 
SnMeBr, 
SnBu"Br, 
SnPhBr, 

trans-RCl(Z)( PPh,), 
Z = SnMe,CI 

-5480 
-4990 
-5387 
-4343 
-4901 
-4958 
-4165 

-5003 
-4945 
-4532 
-4800 
-4832 
-4844 
-4857 
-4862 
-4864 
-4829 
-4844 
-4851 
-4856 
-4868 

-4808 
-4780 
-4756 
-4785 
-4788 
-4797 
-4796 
-4784 
-4799 

-4715 
-4750 
-4615 
-4722 
-4699 
-4704 

-4963 
-4929 
-4928 
-4880 
-4788 

-4837 

183 
183 

183 
183 
184 
185 

186 

186 

186 

186 
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TABLE 2 2  (cont.) 
~ 

Compound Ref. 

2 = SnBu",Cl 
SnMeCI, 
SnBu"C1, 
SnPhC1, 

frans- PtBr(Z)( PPh,), 
2 = SnMe,Br 

SnBu",Br 
SnMeBr, 
SnBu"Br, 
SnPhBr, 

-4907 
-4790 
-4779 
-4827 

186 
-5040 
-5035 
-4963 
-4913 
-4977 

~~~ 

Relative to H,PtCI,. 

TABLE 23  

I9'Pt data for some miscellaneous complexes. 

Complex s ( '95 Pt) Ref. 

trans- PtX,(n-pentylpyridine), 
x=c1 

Br 
I 

cis-PtCI,( SMe2)2n 
trans- PtX,( SMe,), 
X=CI  

Br 
I 

cis-PtC12(SeMe2), 
trans-PtCl,( SeMe,), 
trans-PtBr,( SeMe,), 
PtXMe,( MeSeCH=CHSeMe) 

meso- 1 
X=CI -3221 

Br -3329 
I -3532 

Pt{ 17'-(SR)(SnPh,)C=S}(PPh,), 
R=CH3 

C3H5 
CH,Ph 

Pt{ q2-(SR')(P(S)RZ,)C=S}(PPh,), 
R1 = Me R2 = Ph 

CH,Ph Ph 
Me CY 

CH, CY 

-1961 
-2109 
-3127 
-3551 

-3419 
-3898 
-5152 
-3749 
-3501 
-4035 

D L  

-3405 
-3547 
-3803 

-4976 
-4964 
-4961 

-4999 
-4993 
-4944 
-4922 

188 

189 
189 

189 
189 
189 
31 

meso-2 
-3256 
-3429 
-3726 

190 

191 

~ 

a Taken as -3551 (see Table 17). 
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